
ABSTRACT 

KIRST, MATIAS. Transcription Regulation and Plant Diversity. (Under the supervision of Dr. 

Ronald R. Sederoff.) 

 

Comparative genomics of yeast, nematodes, flies and humans demonstrate that the 

developmental, morphological and behavioral diversity of multicellular eukaryotes evolved 

primarily from differential regulation of a similar core set of genes. In the first part of this study, a 

comparative analysis of the functional genome of higher plants was carried out by analyzing the 

gene sequence similarity from the angiosperm Arabidopsis thaliana to a unigene set derived from 

59,797 expressed sequence tags (ESTs) from wood-forming tissues of the coniferous Pinus taeda 

L. (loblolly pine). Both species last shared a common ancestor 300 million years ago and differ 

greatly in morphology, life-span and genome size. A detailed analysis of long, high-quality 

sequence contigs, generated by clustering the loblolly pine ESTs, demonstrated that over 90% 

have an apparent Arabidopsis homolog (E-value < 10-10). Substantial conservation of gene 

sequence in seed plants suggests that morphological and developmental diversity arose by 

differential regulation of expression of a common core set of genes, rather than acquisition or 

creation of new ones. 

Evolution of the genetic regulation of gene expression can be studied on a genome-wide 

scale using microarrays to analyze the genetic architecture of transcript variation in different 

genetic backgrounds. Gene expression variation was studied in the genus Eucalyptus by 

microarray analysis of mRNA abundance in the differentiating xylem of a E. grandis pseudo-

backcross population (F1 hybrid [E. grandis x E. globulus] x E. grandis). Relative estimates of 

transcript levels were generated for 2608 genes in 91 individuals of the progeny and mapped as 

gene expression QTLs (eQTLs) in two single-tree genetic maps. The F1 hybrid paternal map 

describes the effects of the E. globulus and E. grandis alleles in the backcross population and the 



E. grandis map describes the effect of the pure species. eQTLs were identified for 1067 genes in 

both maps and typically displayed a simple genetic architecture. eQTLs for functionally related 

genes frequently clustered in the same genomic regions, suggesting trans-regulation by common 

transcription regulators. For 195 genes, eQTLs could be mapped to both single-tree maps but did 

not typically localize to homologous linkage groups, indicating that variation of transcript 

regulation occurs normally in trans-, with low conservation of points of regulation in different 

genetic backgrounds. 

E. grandis and E. globulus have contrasting wood properties and growth. Crosses 

between the two species have resulted in wide genetic and phenotypic segregation and are useful 

to study the genetic architecture of quantitative variation in wood quality and growth traits. 

Phenotypic and genotypic data collected from the segregating progeny of the E. grandis pseudo-

backcross population were integrated with transcript level (microarray) information, collected in 

the differentiating xylem, to identify genes associated with variation in diameter and wood 

density. Candidate genes were identified by detecting differential transcript abundance between 

individuals inheriting alternative QTL genotypes for the phenotypic traits. Genes differentially 

expressed, in this case, are a representation of the effect of genotypic variation at the phenotypic 

trait QTL region on gene expression. Candidate genes were confirmed by the analysis of 

correlation between gene expression and phenotypic variation. This allowed the identification of 

one candidate gene whose transcript level explains ¼ of the variation in wood density and several 

genes of the phenylpropanoid and associated methylation pathways that explain ⅓ of the growth 

variation. For wood density and growth, transcript abundance of the candidate genes describe a 

substantially higher proportion of the phenotypic variation than the trait QTL itself. 
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Matias was born in the city of Porto Alegre, in South Brazil, on January 2nd 1973. Son of Nelson Kirst 

and Heide Kirst, he was the youngest, with two sisters, Júlia and Gabriela. At the age of eleven, his 

family moved to Geneva, Switzerland. The years in Geneva provided an opportunity to interact with 

many different cultures and visit many countries, thanks to the adventurous spirit of his parents. At 

the age of 16, Matias returned to Brazil for a short stay, to finish high-school. Two years later he 

moved to New Zealand, where he spent one year as an AFS exchange student, in a small town named 

Morrinsville. Matias always had an interest in the biological sciences, which he probably inherited 

from his mother and grandfather. So, as he returned to Brazil, Matias started attending the Federal 

University of Santa Maria, to obtain a B.S. degree in Forestry. His academic life took a turn when, 

during his Junior year, an introductory course in Genetics and Plant Physiology made him apply for 

an internship in a tissue culture laboratory. Thereafter, most of his time as an undergraduate was spent 

working on micropropagation of native tree species from south Brazil. During his Senior year, Matias 

decided to follow the steps of his father and continue his education by pursuing a graduate degree in 

Genetics. At that time he heard about a young scientist that had just arrived from North Carolina State 

University, Dr. Dario Grattapaglia, who was working with molecular markers and genetic mapping. 

After a brief introduction, Matias was invited to join his lab for a period of six months before 

graduating from Forestry. Matias moved 1500 miles north, to the Brazilian capital, Brasília. He 

stopped half-way to participate in the Brazilian Genetics Congress. There he met a beautiful young 

woman, Mariana, who was presenting a poster about genetic transformation of Eucalyptus, a subject 

that always fascinated Matias. Two years later she became his wife. In 1997 Matias started his M.Sc. 

at the Federal University of Viçosa and CENARGEN/EMBRAPA to work on the development of 

genotyping systems based on SSRs for Eucalyptus. At that time, functional genomics was becoming a 

reality, with the development of large projects of expressed sequence tags sequencing and whole-

genome characterization of transcript levels, with microarrays. The application of those technologies 

seemed to extend naturally from Matias’ interests in genetic mapping and quantitative trait analysis. 

In August of 1999, Matias heard that North Carolina State University, home of one of the most active 

groups of research in tree genetics and genomics, the Forest Biotechnology Group, was looking for 

students for the recently created Graduate Program in Functional Genomics. He joined this program 

and the Forest Biotechnology Group in December 1999. 
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PREFACE 

The past decade has been an unique time in the history of genetics as genome sequences became 

available for many species, including two higher plants, the dicotyledon Arabidopsis thaliana (The 

Arabidopsis Genome Initiative 2000) and the monocotyledon Oriza sativa (rice) (Goff et al. 2002; Yu 

et al. 2002). A draft of the first woody plant to be fully sequenced, Populus trichocarpa, is in 

progress and is expected by December 2003 (Mann and Plummer 2002). The poplar sequence will 

complement gene sequence information generated by expressed sequence tag (EST) sequencing for 

many forest tree species (Allona et al. 1998; Sterky et al. 1998; Kirst et al. 2003). Advancements in 

full-genome and EST sequencing made possible the development of methods for genome-wide 

characterization of gene expression levels through microarrays and short-tag sequencing (Schena et 

al. 1995; Velculescu et al. 1995). The work described in this dissertation reflects the application of 

these technologies to understand the evolution of higher plants at the level of gene sequence and 

transcription regulation, with a focus on Eucalyptus and Pinus. 

Gene sequence information can be used to help understand the origin of the extensive 

morphological, developmental and behavioral diversity of eukaryotes, through comparative 

genomics. Analysis of whole-genome assemblies of human, fly, nematode and yeast revealed that 

these species do not differ to a great extent in number and diversity of genes (Baltimore 2001), 

despite initial estimates to the contrary (Liang et al. 2000). A similar core set of genes is generally 

present and most of the variation in gene numbers appears to have originated from the expansion of 

gene families. The high complexity of eucaryotes, particularly humans, has been therefore attributed 

to a more extensive sample of transcription regulators, and more complex architecture of regulatory 

regions or transcription regulation complexes (Levine and Tjian 2003). 

CHAPTER 1 

The first chapter of this dissertation describes the analysis of the functional genome of the herbaceous 

Arabidopsis thaliana and the conifer loblolly pine (Pinus taeda L.). This study was the first to 

examine sequence divergence of an extensive number of genes, over about 3/4ths of the time (300 

Mya) since the emergence of the first higher plants (400 Mya). The DNA sequences from loblolly 

pine were generated by analyzing approximately 60,000 ESTs from six partial cDNA libraries 

prepared from differentiating xylem, harvested from trees of different ages and grown under different 

environmental conditions. Such a comparison identified a high degree of homology between 

Arabidopsis and loblolly pine, indicating a high level of conservation of transcribed sequences in seed 

plants, similar to the conservation seen in animals. 

 1



 

The sequencing of ESTs from loblolly pine was carried out in the Forest Biotechnology 

Group, at North Carolina State University (NCSU, Raleigh, NC, USA), and coordinated by Dr. 

Ronald R. Sederoff and Dr. Arthur Johnson. EST sequences were processed at the Center for 

Computational Genomics and Bioinformatics (CCGB) at the University of Minnesota (UMN, 

Minneapolis, MN, USA), led by Dr. Ernest Retzel. My role was to analyze the EST sequences 

relative to the Arabidopsis predicted gene sequences, in collaboration with Dr. Charles Paule and Dr. 

Rod Staggs (CCGB). I prepared the manuscript under the guidance of Dr. Ronald R. Sederoff. The 

findings of this research were published in the Proceedings of the National Academy of Sciences of 

the USA (Kirst et al. 2003). 

CHAPTER 2 

The evolution of higher plants may have occurred primarily by expansion and differential expression 

of a similar set of genes that are conserved in the plant kingdom. In the second part of this 

dissertation, the genetic architecture of gene expression control was analyzed in the genus Eucalyptus, 

to contribute to understanding the complexity of the regulatory networks involved in transcription 

control. The analysis of gene expression in Eucalyptus was supported by a detailed genetic mapping 

study carried out previously in a pseudo-backcross mapping population of Eucalyptus grandis, by Dr. 

Alexander A. Myburg (now at the Forest and Agriculture Biotechnology Institute, University of 

Pretoria, Pretoria, South Africa) during his doctoral studies at NCSU (Myburg 2001). 

Genetic mapping of forest tree species has many differences in experimental strategy and 

design relative to agricultural crops. Eucalypts, like the majority of tree species, are essentially 

outcrossing, undomesticated, have large population sizes, long generation times, long life spans, high 

levels of genetic diversity, and suffer from severe inbreeding depression due to high genetic load. 

Development of inbred lines and other pedigrees that form the basis for linkage mapping of crops and 

many model organisms is essentially precluded for forest tree species. These limitations were 

overcome by new approaches for linkage mapping of forest species, such as the pseudo-backcross 

design, that was used in this study. These strategies are reviewed in CHAPTER 2. I wrote the 

manuscript and Dr. Ron Sederoff provided numerous suggestions about topics to be included and 

corrections. Dr. Alexander Myburg contributed largely to the section about linkage analysis in 

outbred forest tree species, and provided general comments about the manuscript. Two experts in the 

field, Dr. Dario Grattapaglia (Empresa Brasileira de Pesquisa Agropecuária, Brasília, Brazil), and Dr. 

Christophe Plomion (Institut National de la Recherche Agronomique, Bordeaux, France) provided 

critical comments. This manuscript was submitted for publication as a review in the book series 
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“Genetic Engineering: Principles and Methods” (Kluwer Academic Publishers, New York), and is 

currently in press. 

CHAPTER 3 

The linkage maps for the E. grandis backcross family provided the basis for the analysis of genetic 

regulation of transcription in differentiating xylem, described in CHAPTER 3. The gene expression 

variation of 2,608 genes was evaluated in 91 individuals from the E. grandis backcross mapping 

population. Two-single tree genetic maps had been generated previously in this cross (Myburg et al. 

2003), allowing for the comparison of the genetic architecture of transcript variation in different 

genetic backgrounds. CHAPTER 3 describes the identification of gene expression QTLs (eQTLs) for 

1,067 genes in the two genetic maps, which led to the observation that genetic regulation of mRNA 

abundance is highly variable in different genetic backgrounds. 

This work on Eucalyptus was made possible by a collaboration between the Forest 

Biotechnology Group and the company Forestal Oriental S.A. (Paysandú, Uruguay), that established 

and maintained the mapping population used in this study. I collected the xylem and extracted the 

RNA. The microarray was constructed based primarily (80%) on cDNAs from Eucalyptus that were 

kindly provided by Dr. Scott Tingey and Dr. Julie Vogel (DuPont de Nemours, Wilmington, DE, 

USA). The remaining cDNAs (20%) were originated from a cDNA library of differentiating xylem, 

developed, sequenced, and annotated by Dr. Alexander A. Myburg, Gisele Passador-Gurgel, and me, 

at the Forest Biotechnology Group. The microarray experiment followed a loop design, established 

based on suggestions and comments from Dr. Garry Churchill (The Jackson Laboratory, Bar Harbor, 

MA, USA), Dr. M. Kathleen Kerr (University of Washington, Seattle, WA, USA) and Dr. Russ 

Wolfinger (SAS Institute, Cary, NC, USA). Analysis of the cDNA microarray data was carried out 

using two sequential analysis of variance (ANOVA) models, which were established following 

suggestions from Dr. Russ Wolfinger and Dr. Tzu-Ming Chu (SAS Institute), and Dr. Gregory 

Gibson (Department of Genetics, NCSU). I carried out the development of the cDNA microarray, 

labelling of mRNA, hybridisations, data collection and analysis. The QTL analysis of the transcript 

level information was generated through a collaboration with Dr. Christopher Basten and Dr. Zhao 

Beng-Zeng (Bioinformatics Research Center, North Carolina State University, Raleigh, NC, USA), 

that modified the QTL Cartographer software package to accommodate and summarize the analysis 

of transcript levels for 2608 genes. Both researchers have provided critical comments and support for 

the interpretation and analysis of the QTL data, and the manuscript that I have prepared that describes 

the results. A manuscript has been submitted to our industry partner in this research, DuPont de 

Nemours (Wilmington, DE, USA) for review. 
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CHAPTERS 4 & 5 

The information generated from the microarray analysis of gene expression from the E. grandis 

pseudo-backcross progeny was used to identify candidate genes controlling quantitative traits in this 

family, by combining data from transcript level and genetic variation, to phenotype for growth traits 

and wood quality, as described in CHAPTER 4 and CHAPTER 5. In these two chapters, the 

identification of candidate genes by detection of differential transcript abundance between individuals 

inheriting alternative QTL genotypes for wood density and growth traits is described. Analysis of 

correlation between gene expression and phenotypic variation allowed the identification of one gene 

that explains ¼ of the variation in wood density and genes encoding enzymes of the lignin 

biosynthesis and associated methylation pathways that explain ⅓ of the growth variation. 

In addition to the people who contributed to previous parts of this research, this work required 

the analysis of lignin content and composition of the wood samples collected from the E. grandis 

backcross family. These samples were analyzed by Jay Scott (Wood and Paper Sciences Department, 

NCSU). I have prepared a manuscript describing the identification of a candidate gene for wood 

density variation (CHAPTER 4) that was submitted to the journal Genome Research and is currently 

under review. The manuscript that describes the analysis of growth (CHAPTER 5) will be submitted 

to the journal Plant Physiology. 
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ABSTRACT 

Pinus taeda L. (loblolly pine) and Arabidopsis thaliana differ greatly in form, ecological niche, 

evolutionary history and genome size. Arabidopsis is a small, herbaceous, annual dicotyledon, 

whereas pines are large, long-lived, coniferous forest trees. Such diverse plants might be expected to 

differ in a large number of functional genes. We have obtained and analyzed 59,797 expressed 

sequence tags (ESTs) from wood-forming tissues of loblolly pine and compared them to the gene 

sequences inferred from the complete sequence of the Arabidopsis genome. About 50% of pine ESTs 

have no apparent homologs in Arabidopsis or any other angiosperm in public databases. When 

evaluated using contigs containing long, high-quality sequences, we find a higher level of apparent 

homology between the inferred genes of these two species. For those contigs 1100 bp or longer, about 

90% have an apparent Arabidopsis homolog (E-value < 10-10). Pines and Arabidopsis last shared a 

common ancestor about 300 million years ago. Few genes would be expected to retain high sequence 

similarity for this time if they did not have essential functions. These observations suggest substantial 

conservation of gene sequence in seed plants. 

INTRODUCTION 

All higher vascular plants are likely to be derived from a small leafless, rootless ancestor, about 420 

million years ago during the Silurian (Edwards et al. 1992). Gymnosperms and angiosperms are the 

two major taxa of seed plants, distinct since the end of the Carboniferous, about 300 million years ago 

(Mya) (Bowe et al. 2000). Angiosperms comprise the overwhelming diversity of woody and 

herbaceous plants, with about 250,000 species (Kuzoff and Gasser 2000). Angiosperms include our 

major food crops and dominate many critical and diverse ecosystems such as our tropical forests. 

Extant gymnosperms represent a monophyletic clade and a sister lineage to the angiosperms (Bowe et 

al. 2000; Chaw et al. 2000; Kuzoff and Gasser 2000). Gymnosperms dominate many temperate 

terrestrial ecosystems, but include only about 700-1000 extant species. All known gymnosperms are 

woody plants. 

Gymnosperms generally have significantly larger haploid DNA contents than angiosperms. 

The modal value for gymnosperms is 15,480 Mbp (Leitch et al. 2001), compared to 588 Mbp for 

angiosperms. The haploid DNA content estimate of loblolly pine, a woody gymnosperm, is 20,000 

Mbp (Wakamiya et al. 1993), which is 160 times larger than the 125 Mbp genome of Arabidopsis 

thaliana (The Arabidopsis Genome Initiative 2000), and 47 times larger than the rice genome (430 

Mbp) (Goff et al. 2002; Yu et al. 2002). The large size of the pine genome is not likely to be due to 
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recent polyploidy. All pines have 12 chromosomes and there is a narrow range of variation in the 

basic chromosome number [11 to 13] within the Pinaceae (Saylor 1961). 

The significant differences in genome size, phenotypic diversity, and genetic distance raise 

the question of the extent to which gymnosperms and angiosperms share the same genes. A high level 

of gene sharing would suggest that gene function in plants and the great diversity observed in higher 

vascular plants, evolves primarily through differential regulation of similar gene sets, rather than 

through the evolution of new, function-specific genes. Strategies of genetic engineering often depend 

on functional homology of heterologous genes across taxa, or to the presence of genes specific to 

taxa, for example, where pesticide or herbicide specificity is desired. 

A major unresolved question in the evolution of higher plants is the extent to which they 

share a common functional genome. The past 400 million years provided many opportunities for the 

evolution of specific gene differences, through gene loss, horizontal gene transfer, or rapid rates of 

sequence divergence within a lineage. For example, Allen (2002) recently compared predicted gene 

content in three crop species, tomato, soybean, and medicago, with that of Arabidopsis. He found 9.5, 

14.5 and 13.3%, respectively, of the crop EST contigs failed to hit an Arabidopsis homolog (E-value 

cutoff of 10-3), and argued for gene loss as the most likely mechanism for this variation. More 

genomic and EST sequence, obtained from different angiosperms and gymnosperms, is needed to 

determine the extent and mechanisms of gene evolution in higher plants. 

To contribute to this discussion, we compared a large number of expressed gene sequences 

from wood-forming tissues of loblolly pine with the inferred gene sequences of Arabidopsis thaliana. 

This comparison allows us to examine sequence divergence over 300 Mya, which is about 3/4ths of 

the time since the emergence of the first higher plants. We generated and analyzed a total of 59,797 

loblolly pine ESTs of high sequence quality (Ewing and Green 1998; Ewing et al. 1998), from six 

partial cDNA libraries prepared from differentiating xylem harvested from trees of different ages and 

under different environmental conditions. We extended our results from previous studies (Allona et 

al. 1998; Whetten et al. 2001) by comparing these ESTs to the complete set of predicted expressed 

gene sequences from Arabidopsis (The Arabidopsis Genome Initiative 2000). Such a comparison 

should highlight the differences in genes involved in wood or secondary cell wall formation between 

an herbaceous angiosperm and a woody gymnosperm. We find a high degree of apparent sequence 

homology for loblolly pine cDNAs, particularly where sufficient length of high quality sequence has 

been obtained. 
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MATERIAL AND METHODS 

cDNA Libraries 

Six non-normalized partial cDNA libraries were constructed from six different differentiating xylem 

tissues of loblolly pine. Xylem-forming tissues were harvested using either a vegetable peeler (for 

primary xylem) or a block plane (for lignifying secondary xylem), frozen in liquid nitrogen in the 

field and stored at minus 80oC until needed for mRNA isolation (Allona et al. 1998). The six types of 

tissues were [1] secondary mature xylem from a 35-year old tree harvested in the spring (normal 

mature wood library NXNV), [2 and 3] primary juvenile xylem from the side and underside of the 

bent segment of three six-year old trees of different genotypes inclined at a 45 degree angle for 40 

days (side wood library NXSI and compression wood library NXCI), [4] lignifying secondary 

transitional xylem from a 10-year old tree (wood planings library NXPV), [5] normal primary xylem 

collected late in the summer from a transitional area below the crown of a 20-year old tree (late wood 

library NXLV), and [6] normal primary xylem harvested from the root wood of a 12-year old tree 

(root wood library NXRV). 

For all six libraries, total RNA was extracted from 2-3g of tissue (Chang et al. 1993) and 

evaluated on 2% agarose gels. mRNA was isolated from total RNA using either the Promega 

Polyattract System IV kit (NXSI and NXCI) or the Stratagene poly(A) Quik mRNA isolation kit 

(NXNV, NXLV, NXRV and NXPV). Each library was constructed using 5 µg of mRNA and the 

ZAP-cDNA synthesis kit (Stratagene) to generate the cDNA, which was fractionated using Size-

SepTM 400 Spin Columns (Amersham-Pharmacia) to remove cDNAs < 400 bp in size. The purified 

cDNA was uni-directionally cloned into the EcoRI site of the Uni-ZAP XR vector (Stratagene) and 

packaged using Gigapack III Gold (Stratagene). pBluescript or pTriplEx (NXLV) plasmids 

containing cDNA inserts were mass excised from the Uni-Zap XR vector using Ex-Assist helper 

phage (Stratagene) and propagated in E. coli strain XL1Blue or BM25.8 (NXLV). For more 

information on these libraries, see http://pinetree.ccgb.umn.edu. 

DNA Sequencing 

Plasmid-containing colonies were picked into 1.3 mL of Magnificent Broth (McConnell Research) 

containing ampicillin (0.1 mg/mL) and grown for 20 hrs at 37oC with shaking in deep 96-well blocks. 

Plasmids were purified from cells using R.E.A.L. kits (Qiagen), and evaluated on 0.8% agarose gels. 

Plasmids were sequenced from the 5’-end of the cDNA insert using the 5’-Tripl primer (pTriplEx) or 

T3 (pBluescript) and dRhodamine/BigDye terminator chemistry (Applied Biosystems) according to 

the manufacturer’s instructions. Sequencing reactions were purified using the Millipore Multiscreen 

Apparent Homology of Expressed Genes from Wood-Forming Tissues of Loblolly Pine (Pinus taeda L.) with Arabidopsis thaliana 9

http://web.ahc.umn.edu/biodata/nsfpine


System and Sephadex G-50 Fine Fine (Sigma) and run on either ABI377XL-96 slab gel sequencers 

for 6-7 hrs (36/48 cm WTR) using 5% GenePage Plus (AMRESCO), or ABI3700 capillary 

sequencers for 4 hrs using POP-6. For the ABI377XL-96, samples were loaded with membrane 

combs (Gel Company). 

Sequence Processing 

ABI sequencing trace files were submitted to the University of Minnesota Center for Computational 

Genomics and Bioinformatics (CCGB) for batch processing. Raw sequence files were produced from 

the trace files using the PHRED base-calling program (Ewing and Green 1998; Ewing et al. 1998) 

with a PHRED quality threshold of 8. Bases with a PHRED quality score below 8 were converted to 

“N”. Vector and linker sequences were trimmed from each raw sequence. The subsequent quality 

checks on the remaining sequence were: (i) determining the number of unknown or “N” base calls in 

a sequence and trimming leading and trailing high-N sections to obtain the best subsequence where 

the “N” content is 4% or less, and (ii) using an artifact filter to remove remaining E. coli, or vector 

sequences. The “usable” sequences (at least 100 bp of high quality sequence) from all six libraries 

were clustered into contigs based on sequence overlap using PHRAP (Ewing and Green 2000) to 

generate a xylogenesis unigene set of all resulting contigs and singlets. The PHRAP settings for 

generating the contigs were: (i) a minimum length of matching word required to nucleate SWAT 

comparison of 50 bp, (ii) a minimum alignment score of 100, and (iii) a minimum bp size of 

individual assembled sequences of 100. The contig sequences, images of the contig assemblies, and 

the BLAST targets for the entire contig set are at http://pinetree.ccgb.umn.edu. ESTs with at least 200 

bp of high quality sequence were deposited into GenBank. All EST contigs and singlets were also 

compared to the entire GenBank non-redundant (nr) peptide sequence database 

(ftp://ftp.ncbi.nih.gov/blast/db/nr.Z). Sequences with high similarity to potential sources of 

contamination (bacterial or phage origin) were reanalyzed using BLASTN (default parameters) for 

confirmation at the nucleotide level. The loblolly pine xylogenesis unigene set was compared to the 

Arabidopsis thaliana nuclear, chloroplast, and mitochondrial predicted gene sequences 

(ftp://ftpmips.gsf.de/cress/arabiprot-release07/26/2002) using BLASTX (default parameters) 

(Altschul et al. 1997). ORFs were identified using DIOGENES 

(http://www.ccgb.umn.edu/diogenes/), which is designed to identify ORFs in short sequences, based 

on organism-specific training sets. 
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RESULTS 

Establishment and analysis of the loblolly pine xylogenesis unigene set 

59,797 ESTs with at least 100 bp of high quality sequence from six non-normalized partial cDNA 

libraries were assembled, using PHRAP, into a xylogenesis unigene set of contigs and singlets 

totaling 20,377 (Table 1). The woody tissues used for these libraries differ in age, location in the tree, 

tissue source, season of collection and extent of mechanical stress. The individual trees sampled 

represent seven different normal genotypes. Contigs and singlets were classified according to the 

level of similarity (BLASTX E-value) to A. thaliana. The term “similarity” is used for sequence 

matches, and “homology” for a relationship by descent. Convergent evolution of protein sequence is 

rare, therefore high BLASTX similarity scores infer, but do not prove, relationship by descent. Our 

analysis is based primarily on BLASTX E-values, which estimate the probability of sequence 

similarity due to chance. E-values provide statistical support for inferences of sequence similarity, 

based on identity and similarity of amino acids and the length of sequences that contain similarity. 

Thus, a pair of long sequences with a low percentage of amino acid identity, and a pair of short 

sequences with a high percentage of amino acid identity, can have similar E-values. For the loblolly 

pine xylogenesis unigene set, 50% of the sequences showed a significant sequence similarity to 

Arabidopsis at a BLASTX E-value of 10-5, with 56% of the contigs and 38% of the singlets having 

“hits”. 

Many loblolly pine sequences lack similarity to A. thaliana 

About 50% of the total number of contigs and singlets in our xylogenesis unigene set show no 

apparent homologs in Arabidopsis, even at the moderate E-value cutoff of 10-5. Searching all of 

GenBank for additional homologs in different species at this E-value cutoff does not decrease the 

percentage of “no hits” by more than 2%. These “no-hit” sequences could include genes unique to 

pines, conifers, gymnosperms, or woody plants, as well as homologs that are unrecognized due to the 

limitations of EST analysis. Alternatively, many of these “no-hit” sequences may simply represent 

unrecognized contaminants from [1] loblolly pine genomic DNA, [2] DNA from other microbes or 

organisms not well represented in genome databases, or [3] a variety of transcriptional artifacts 

(Makalowski and Boguski 1998; Liang et al. 2000) particularly relevant to singlets, which include, 

alternative splice variants, unspliced/incorrectly spliced mRNA fragments, and transcription initiation 

from multiple 3’-polyA tracts common to the same gene. 
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Pine retrotransposon sequences and ESTs 

Some “no-hit” ESTs might be due to loblolly pine nuclear DNA contamination in our cDNAs. We 

searched our ESTs for a pine retrotransposon sequence family called IFG (Kossack and Kinlaw 

1999). IFG accounts for approximately 1% of the total pine DNA. None of these ESTs, selected from 

the loblolly pine xylogenesis libraries, contain the IFG sequence. Six clones of IFG were identified in 

loblolly pine partial cDNA libraries from loblolly pine shoot tips and pollen cones used in previous 

studies (Whetten et al. 2001). If our “no-hit” category of ESTs, representing a total of 10,250 clones, 

were due to loblolly pine nuclear DNA, then based on the amount of IFG in total pine DNA, we 

would expect about 100 IFG clones. We found none, indicating that our xylogenesis unigene set is 

essentially clear of contamination from loblolly pine nuclear DNA. 

Functional categories of loblolly pine ESTs 

Sequences with significant similarity (BLASTX E-value < 10-5) to the A. thaliana genome were 

assigned cellular functional categories based on the annotation of The Arabidopsis Genome Initiative 

(2000) generated by the Munich Information Center for Protein Sequences (MIPS). This comparison 

provides a general overview of the cellular functional categories for genes expressed during 

xylogenesis. Arabidopsis is a useful common standard, even though the current annotation is limited 

(Bork 2000), because Arabidopsis is the plant whose genome has been most completely sequenced. 

Of the 20,377 total contigs and singlets in our unigene set, 49.7% have a predicted BLASTX 

homolog at an E-value < 10-5. The diversity of loblolly pine sequences is high and the relative 

frequency of inferred genes in each category for loblolly pine is similar to the spectrum of inferred 

genes for Arabidopsis (Figure 1). A relatively smaller fraction of pine ESTs is assigned to 

transcription and cellular communication, but relatively more are assigned to protein synthesis and 

targeting. Few of our loblolly pine xylogenesis ESTs are assigned to photosynthesis (as expected for 

xylem-forming tissues). 

Properties of contigs as a function of length 

Contig consensus sequences are more informative than singlets because their construction from 

multiple, overlapping ESTs increases both the quality and length of the sequence. Consequently, the 

sequence is more accurate, and the longer contigs usually contain more, and often complete, coding 

sequence. Analyzing contigs rather than singlets also minimizes the deleterious effect of 

transcriptional artifacts. We have surveyed our contigs for open reading frames using DIOGENES, 

and for full-length coding sequences using BLASTX (Table 2), to analyze contig properties as a 

function of sequence length. 
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Apparent homology of contigs increases with increased sequence length and quality 

“No-hit” contig sequences could be short segments of genes that would be recognized as homologs if 

more sequences were available. These segments could be from 3’ or 5’-ends, or regions of proteins 

sufficiently diverged to escape our screening criteria for similarity. Therefore, we examined the 

relationship of homolog identification as a function of length of contigs composed of high quality 

sequence (Figure 2). Above 900 bases, 92% of the contigs show homology to A. thaliana using a 

BLASTX E-value cutoff of 10-5. A similar proportion (93%) is reached for sequences above 1300 

bases using a far more stringent BLASTX E-value cutoff of 10-30. If we select contigs predicted by 

DIOGENES to contain ORFs, we find a very similar distribution (data not shown). 

Although the number of contigs in the length range above 900 bases represents a relatively 

small fraction (843 contigs) of the total number of contigs in our xylogenesis unigene set (8,070 

contigs) (Table 2), there is a clear trend toward higher sequence similarity with predicted A. thaliana 

genes as contig length increases. Many proteins have hydrophobic cores, which tend to be more 

conserved across major taxa than the N and C terminal regions (Brandon and Tooze 1999). If un-

translated regions (UTRs) and 5’ and 3’-ends of protein coding sequences are less conserved relative 

to the middle of the sequences, the longer sequences are simply more likely to extend into regions of 

recognizable similarity. DIOGENES could identify no open reading frame for more than half of the 

contigs in the size range of 100-201 bases, as well as for a significant proportion (above 30%) of the 

contigs with less than 500 bases (Table 2). 

Is there bias resulting from the preference to clone abundant sequences? 

The relationship of similarity and sequence length could be biased towards the longer sequences if 

more abundantly expressed genes are more highly conserved in plants. Contigs should represent the 

more abundant sequences, and singlets should represent the less abundant ones. We have compared 

the relationship of sequence length and Arabidopsis similarity for both singlets and contigs with 

identifiable ORFs. If abundant sequences are more conserved, and therefore sequence similarity to 

Arabidopsis more readily identified, we should see a difference in the distribution of singlets showing 

similarity to Arabidopsis as a function of length compared to contigs, when both are selected only for 

those that have ORFs. We find little difference in the two distributions (Figure 3). Our results for 

singlets extend up to a length of 600 bp, which is our practical limit for PHRED 20 quality single 

sequence reads on both the ABI377 and ABI3700. There is a small (0.06) difference in the 

proportions for the 501-600 length class, (significant at a 0.01 level using a two sided t-test) 

supporting our conclusion that there is little bias toward conservation as length increases. 
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Estimation of length and location of UTRs for the loblolly pine xylogenesis unigene set 

There are no estimates of the length of 5’ or 3’-UTRs for a significant number of genes from any 

gymnosperm. UTRs are known to play important regulatory roles in post-transcriptional processing of 

mRNAs (Jackson 1993). We selected 751 contigs that have both very high similarity (BLASTX E-

value < 10-30) to Arabidopsis and where each contig extends over the entire length of the Arabidopsis 

homolog. The shortest contig was a 60S ribosomal L38-like protein (207 bp in Arabidopsis), and the 

longest contig was a subtilisin-like serine protease ARA 12 (2,271 bp in Arabidopsis). We estimated 

the length of 5’-UTRs by determining the number of base pairs between the 5’-end of the contig and 

the predicted AUG start codon common to both Arabidopsis and loblolly pine. This approximation of 

the average length of 5’ UTRs in loblolly pine is 132 bp (median = 106), with the largest region being 

1,490 bp (contig 8,061). A similar approximation can be made for 3’-ends based on the inferred C 

terminus (the amber, ochre, or opal stop codon). The approximation of the average length of 3’-UTRs 

is 256 bp (median = 254), with a maximum of 696 bp (contig 7,670). This method provides a 

minimum estimate, because many contigs may not be complete. Corresponding loblolly pine 

transcript and genomic sequences for these contigs are needed to better define the 5’- and 3’-UTRs 

(Kan et al. 2001). 

Sequence similarity is typically distributed over the length of the contigs 

It is important to know how similarity is distributed within the loblolly pine contig sequences. 

Similarity could reside only in limited, conserved domains, but it could also be distributed across the 

entire expressed sequence. When similarity extends over a large fraction of an expressed gene, 

functional conservation is more likely. We have used a “gene scan” method, where we divide a 

sequence into regions of 50 bp, and scan the sequence from the 5’-end, looking at the cumulative 

BLASTX scores for 50 base pair intervals (e.g. for the first 50 bp, then the first 100 bp, the first 150 

bp, etc., through the entire sequence) to see how the similarity is distributed. Typically, a scan of a 

contig consensus sequence shows a lag, followed by an upward slope followed by a plateau (Figure 

4). The sequence alignments from the BLASTX reports reveal that the inflection points (see arrows) 

are close to the junctions of the putative 5’ and 3’-UTRs, and the upward slope represents regions of 

similarity extending over the length of the inferred gene sequence. Most contigs show a similar 

pattern, although slopes differ, suggesting different times since divergence of ancient paralogs, or 

different rates of sequence evolution. Two-thirds of the loblolly pine contigs spanning the full coding 

sequence have regions of very high similarity (BLASTX E-value < 10-30) extending over 90% of the 

sequence (Table 3). Almost all (98%) of these contigs have very high similarity over more than 50% 
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of the inferred coding sequence. Regions of similarity are not restricted to one or two short domains, 

but are typically distributed over a long stretch of the coding sequence. 

Two% of pine contigs that do not have homologs in Arabidopsis have similarity to other entries 

in Genbank 

161 loblolly pine xylogenesis EST contigs showed no homology to the MIPS database for 

Arabidopsis, but did show homology (BLASTX E-value < 10-5) to other entries in Genbank. For 

example, a cytochrome P450 (loblolly pine contig 7997) has a homolog in tobacco, but not in 

Arabidopsis. Two contigs have very high similarity to chitinases found in a mollusk, the cone shell 

(Conus tulipa L.). Sixty-six contigs have been found only in pine or spruce. Eleven sequences are 

found in both monocots and other dicots, while 18 are found only in monocots, and six only in dicots. 

Thirteen are found in animals, four in fungi and ten in bacteria.  

These contigs are biased toward specific categories of sequences. Twenty-eight contigs are 

found for arabinogalactan like proteins, known to be highly diverse in sequence but with specific 

protein (Schultz et al. 2000; Zhang et al. 2000; Zhang et al. 2003). Twenty one contigs are 

homologous to proteins induced by ABA, or water stress. Five are late embryo abundant (LEA) 

proteins of conifers. Six resemble leucine-rich-repeat sequences found in disease resistance genes. 

Seventeen are hypothetical proteins in a diversity of organisms.  

DISCUSSION 

Our results support the use of Arabidopsis for comparative genomics not only for angiosperms, but 

for gymnosperms as well. The major question we address is the relationship of the expressed genes in 

different vascular plant genomes using loblolly pine and Arabidopsis as representatives of the two 

major taxa of seed plants. Allen compared ESTs from three dicotyledon crop species to Arabidopsis 

and found that about 10% of expressed genes failed to hit homologs in Arabidopsis (Allen 2002). 

Gymnosperms and angiosperms diverged about 300 Mya, and the major division of the angiosperms 

into monocotyledons and dicotyledons occurred about 200 Mya (Wolfe et al. 1989). The divergence 

of the lineages of tomato (Solanales) from Arabidopsis (Brassicales) is estimated at 100 to 150 Mya 

(Allen 2002). Allen’s results suggest that one should find an even higher number of differences 

between pine and Arabidopsis. We find a somewhat higher frequency of homologs. Among the “no 

hit” to Arabidopsis category, we found many proteins recognizable as arabinogalactan proteins, 

which may evolve under selection for structural motifs. Therefore, the number of differences between 

taxa can be more or less under different criteria for homology.  
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 Our study focused on pine EST contigs containing long high quality sequences to maximize 

the possibility that they would extend into coding regions. For less than 10% of these contigs above 

1000 bp, no Arabidopsis homolog was found at a BLASTX E-value cutoff of 10-10. For the other 

90%, the regions of similarity are typically distributed over long regions of coding sequence, 

providing confidence in these homologies. However, even if most loblolly pine genes have a homolog 

in Arabidopsis, it does not mean that loblolly pine and Arabidopsis have nearly the same number of 

genes. One or the other species could have very different numbers of genes within homologous gene 

families. For the tissues we sampled, we did not observe a higher level of gene content diversity 

within families for loblolly pine, in spite of the 160-fold difference in genome size. Certainly, many 

loblolly pine genes have not yet been found. The samples of pine tissues used for this study were 

limited to wood forming tissues specialized for secondary wall biosynthesis and programmed cell 

death.  

In microbes and eukaryotes, many genes retain regions of sequence conservation over a 

billion years of evolution, while other genes show no apparent relationship. Many of the differences 

between closely related taxa may turn out to be simply artifacts of annotation, or other 

methodological limitations of either genomic or EST sequencing. For example, rice (Oryza sativa L.) 

and Arabidopsis last shared a common ancestor about 200 Mya (Wolfe et al. 1989). In the 

comparison of the rice draft genome sequence (Goff et al. 2002; Yu et al. 2002) with the genome 

sequence of Arabidopsis, 81% of the predicted Arabidopsis genes had an apparent homolog in rice, 

but only 49% of the inferred rice genes had a homolog in Arabidopsis. Most of the 51% “novel” 

genes in rice were not found in EST databases, and while they could be very rarely expressed 

sequences, Bennetzen (Bennetzen 2002) suggests that they are more likely to be artifacts of 

annotation of the rice genome. Some differences may also be due to the rice genome sequence not yet 

being in “base-perfect” form.  

Given that the apparent homology of EST contigs increases with increased sequence length 

and quality, more full-length, high-quality cDNA sequences are clearly needed in order to find 

meaningful sequence similarity between distant taxa. Evaluation of distant functional relationships 

also requires full-length cDNA sequences including 5’ and 3’-UTRs. UTRs may have important post-

transcriptional regulatory functions that are highly conserved (Duret et al. 1993; Jackson 1993; 

Jareborg et al. 1999). 

More genomic and EST sequence data is needed from woody plant species. Low-redundancy 

genomic sequencing of the first tree species, Populus (Mann and Plummer 2002), is now in progress. 

Obtaining the full genome sequence of loblolly pine, or any of its close relatives, is currently not 

feasible because of their very large genome sizes. A comparison of pine cDNAs with the genome of a 
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woody angiosperm should provide additional insight into the conservation of gene content and gene 

regulation in gymnosperms and angiosperms. A comparison between loblolly pine, Populus, and 

Arabidopsis is also likely to improve our current understanding of the genetic basis of wood 

formation. 

Based on the evolution of the woody and herbaceous growth habits, it is plausible that the 

genes for wood formation are functionally conserved. Wood is a primitive character, and the 

herbaceous habit is a derived state for angiosperms (Sporne 1980). With daily inflorescence pruning, 

Arabidopsis can grow rosettes up to seven inches in diameter, and produce woody inflorescence 

stems and roots with detailed anatomy similar to woody dicotyledons (Lev-Yadun 1994; Lev-Yadun 

1997; Zhao et al. 2000; Lev-Yadun and Flaishman 2001). Some woody plants in island floras are 

recently derived from more herbaceous founders (Bohle et al. 1996; Givnish and Sytsma 2000). The 

evolution of wood formation per se, or the herbaceous habit, may simply involve the differential 

regulation of sets of similar genes, rather than the evolution of new gene functions. Thus, a common 

set of genes for woodiness could exist for all seed plants. While it is plausible that genes involved in 

wood formation are conserved between plant species, this may not be the case for genes involved in 

other plant traits, such as flower and cone formation, or in the formation of the many diverse plant 

secondary products. A more specific and comprehensive survey of pine genes involved in flowering 

and other tissues is therefore needed. 
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TABLES 

 

 

Table 1 

Xylogenesis EST statistics and PHRAP assembly results for six pine cDNA libraries and the 

xylogenesis unigene set 

Library No. 

of 

ESTs 

Avg. 

length 

(bp) 

No. of 

PHRAP 

contigs 

No. of 

PHRAP 

singlets 

Library or 

combined 

unigene Set * 

EST 

redundancy 

(%) ** 

Contig 

redundancy

*** 

NXNV early 8,490 312 1,387 3,982 5,369 53 3.3 

NXCI bent 9,333 311 1,670 2,580 4,250 72 4.0 

NXSI side 11,904 387 2,063 3,652 5,715 69 4.0 

NXPV planings 9,642 380 1,768 2,187 3,955 77 4.2 

NXLV late 10,244 345 1,216 4,320 5,536 58 4.9 

NXRV root 10,184 436 1,878 3,043 4,921 70 3.8 

Combined 59,797 364 8,070 12,307 20,377 79 5.9 

* contigs + singlets; ** [[(No. of ESTs per library) - (No. of PHRAP singlets per library)] / (No. of ESTs per library)] x 100; 
*** [(No. of ESTs per library) - (No. of PHRAP singlets per library)] / (No. of PHRAP contigs per library) 
 

 

Table 2 

Properties of contigs based on length of sequence 

Contig length (bp) No. of contigs No. of ORFs No. of full-length coding sequences 

100-500 2,921 1,936 55 
501-900 4,306 3,772 630 

901-1300 623 618 289 
1301-1700 159 159 109 

> 1700 62 62 45 
 

 

Table 3 

Extent of coding sequence similarity for contigs containing full-length homologs 

Extent of similarity > 50% > 60% >70% >80% >90% 

Proportion 0.99 0.96 0.90 0.83 0.69 
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Figure 1. Loblolly pine xylogenesis unigene set, classified by cellular functional categories, 
compared to A. thaliana. The proportion of Arabidopsis genes in each functional category is relative 
to the 12,922 total predicted genes that were assigned by The Arabidopsis Genome Initiative (2000) 
to one of twelve major categories. The proportion of predicted loblolly pine genes in each functional 
category is relative to the total number of contigs and singlets (xylogenesis unigene set) for which 
homology was found to an Arabidopsis gene (BLASTX E-value < 10-5) that was assigned to at least 
one functional category. 
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Figure 2. Proportion of P. taeda (loblolly pine) contigs with no homology to A. thaliana predicted 
gene sequences (Y-axis) relative to the contig length category (X-axis). Four BLASTX E-value 
thresholds (> 10-30, > 10-20, > 10-10, > 10-5) were used to indicate no homology (Z-axis). 
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Figure 3. Relationship of length of ORF-containing contigs and length of ORF-containing singlets to 
percent of apparent Arabidopsis homologs. 
 
 
 
 
 
 
 
 
  

0

50

100

150

200

250

300

50 10
0

15
0

20
0

25
0

30
0

35
0

40
0

45
0

50
0

55
0

60
0

65
0

70
0

75
0

80
0

85
0

90
0

95
0

10
00

10
50

Length (bp)

Sc
or

e

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Sequence similarity (BLASTX score on Y-axis) of contig 6,593 at increasing lengths (from 
5’ to 3’) compared to the Arabidopsis probable homolog. Left and right arrows indicate the beginning 
and end of the Arabidopsis gene coding sequence. 
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INTRODUCTION 

The genetics of forest tree species differs in many respects from that of agricultural crops because of 

biological advantages and limitations. Most tree species are essentially undomesticated, are usually 

outbred, have large population sizes, long generation times, long life spans, and suffer from severe 

inbreeding depression due to high genetic load, much like Homo sapiens. These factors have 

essentially precluded the development of inbred lines, near-isogenic lines, and true backcross 

pedigrees, which form the basis of genetic mapping studies in most crop species. In forest genetics, 

novel mapping strategies have had to be developed to overcome these limitations. However, the high 

level of diversity in tree populations, the ability to generate large progeny sets from full-sib or half-sib 

crosses, and, in some species, well developed clonal propagation, have been used to advantage for 

genetic mapping. If an individual tree has unusual properties, it is possible to determine the genetic 

basis of the phenotype through genetic mapping, sometimes with no prior information from that 

individual or species. As a result, genetic mapping has become routine for many tree species and 

mapping technology is being applied to diverse problems of tree biology, quantitative genetics, and 

tree breeding. 

In the first part of this review we summarize early work on linkage analysis of forest tree 

genomes and describe the strategies and methods employed. In the second part, we review advances 

in linkage analysis in relation to new technologies of gene discovery, gene expression analysis, and 

genome sequencing. We focus on the commercially important genera Pinus, Eucalyptus and Populus. 

This review is intended for researchers interested in linkage mapping of forest tree species and, in 

particular, its application to tree breeding and tree genomics. We also refer readers to recent 

publications that reviewed various aspects of molecular markers, linkage maps and genomics of forest 

trees (Klopfenstein et al. 1997; Jain and Minocha 2000; Ahuja 2001). 

DNA MARKERS IN FOREST TREE SPECIES 

Genetic marker analysis and mapping of forest trees have progressed through several stages, defined 

by the technology of the times, from isozymes, through restriction fragment analysis, and PCR, to 

genomics. Early genetic mapping in trees was based on isozyme markers. Isozymes were used 

primarily to study genetic diversity in tree populations (Adams 1983; Cheliak et al. 1987). Methods 

were developed for the detection of polymorphism at a large number of loci (Murphy et al. 1990), but 

typically only a few dozen could be successfully genotyped in any given individual. Mapping of 

isozyme loci in conifers was carried out establishing several linkage groups, using the haploid 

megagametophyte tissues (Adams and Joly 1980). Larger numbers of markers became available with 
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the development of restriction fragment length polymorphisms (RFLPs) (Botstein et al. 1980). RFLP 

analysis in forest trees was performed in three-generation pedigrees to establish inheritance of the 

markers and create linkage maps (Devey et al. 1991; Neale and Williams 1991; Bradshaw and Stettler 

1994; Devey et al. 1994). The introduction of PCR (Mullis and Faloona 1987) led to the development 

of new, high-throughput marker systems during the 1990s, which were rapidly applied to the 

construction of high-density linkage maps of individual forest trees (Tulsieram et al. 1992; 

Grattapaglia and Sederoff 1994; Nelson et al. 1994). Most genetic mapping studies in trees have since 

used PCR-based markers and the most commonly used systems are described below. 

Marker systems differ in their information content. For genetic mapping, the information 

content of a marker locus can be estimated through the parameters expected heterozygosity or gene 

diversity (Weir 1990), which calculates the probability that two gametes randomly sampled from a 

population will have different alleles, and polymorphism information content (Botstein et al. 1980), a 

parameter for locus mapping value. Estimates are specific for a locus and reference population 

because they depend upon allelic frequencies. In addition to the individual marker information 

content, the efficiency of data collection can be improved by sampling more than one locus 

simultaneously (multiplex ratio). Marker systems also differ in their mode of inheritance (dominant or 

co-dominant inheritance), which determines their applicability in different types of mapping 

populations. Other relevant differences include accessibility and reliability. Access to different 

marker systems is dependent on technical complexity and cost of marker development and use. 

Restricted public availability and intellectual property rights may affect choice of a marker system. A 

comparison of marker systems commonly used in forest tree genetics is provided in Table 1. 

Randomly amplified polymorphic DNA (RAPD) markers 

RAPDs (Welsh and Mcclelland 1990; Williams et al. 1990) are based on PCR amplification of 

anonymous genomic segments using short primers of arbitrary sequence. The technical simplicity and 

accessibility of RAPDs allowed for the generation of the first saturated genetic maps with broad 

genome coverage in forest species (Tulsieram et al. 1992; Grattapaglia and Sederoff 1994; Nelson et 

al. 1994). The drawbacks of RAPD markers for application in forest tree linkage mapping include 

their dominant mode of inheritance, which leads to reduced information content. This limitation can 

be considerably overcome by saturating maps with dominant markers in trans, thereby marking both 

homologs, similar to a codominant marker (Plomion et al. 1996c). Mapping approaches based on the 

segregation of a locus that is heterozygous for a null allele crossed to a homozygote for a null allele 

(single-dose polymorphism), became powerful because this approach allowed the retrospective 

assignment of linkage phase (Gebhardt et al. 1989; Ritter et al. 1990) such as in the analysis of 
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haploid megagametophytic tissue (Carlson et al. 1991; Grattapaglia et al. 1991) or using the pseudo-

testcross approach (Grattapaglia and Sederoff 1994), discussed later. RAPDs are highly sensitive to 

experimental conditions that include the genomic DNA concentration and the conditions of the 

reaction assay (Raflaski et al. 1996) and their reproducibility has been challenged (Heun and 

Helentjaris 1993; Jones et al. 1997). However, many RAPD markers are reliable for mapping 

purposes (Figure 1) and attention to reaction conditions can provide good results within and between 

laboratories. 

Microsatellite or simple sequence repeat (SSR) markers 

The major limitations of RAPD markers are dominance and a relatively low level of polymorphism. 

Microsatellites are DNA sequences composed of variable numbers of short tandem repeats (Hamada 

et al. 1982). These repeat number polymorphisms are detected by PCR amplification using primers 

that anneal to conserved flanking regions (Rafalski and Tingey 1993). High variability within 

populations and co-dominant inheritance make these markers highly informative in outbred forest tree 

pedigrees (Figure 2). Expected heterozygosities of SSR markers in forest tree populations are 

typically above 0.5 (Smith and Devey 1994; Byrne et al. 1996; Brondani et al. 1998; Dayanandan et 

al. 1998; van der Schoot et al. 2000; Rajora et al. 2001; Brondani et al. 2002), providing a high 

probability of fully-informative allelic configurations for linkage mapping. A fully-informative allelic 

configuration is one where all four alleles in a cross may be distinguishable and identified in a 

segregating progeny set. The high information content of SSR markers also makes them the most 

powerful marker system for individual genotype discrimination, such as the identification of parents 

in tree breeding (Lambeth et al. 2001), and verification of genotype in clonal forestry (Devey et al. 

2002; Rahman and Rajora 2002; Rajora and Rahman 2003). Microsatellites are frequently 

transferable across species and provide increased efficiency of detecting synteny of linkage maps 

within and between populations and species (Kijas et al. 1995; Byrne et al. 1996; Marques et al. 

2002; Shepherd et al. 2002). Most work with microsatellites has been applied to the commercial 

species of Eucalyptus, Pinus, and Populus (Brondani et al. 1998; Elsik et al. 2000; Hodgetts et al. 

2001; Kutil and Williams 2001; Mariette et al. 2001; Steane et al. 2001; Brondani et al. 2002) due to 

the cost and technical requirements of development. Some exceptions include acacia (Butcher and 

Moran 2000) and the endangered tropical species of Caryocar brasiliensis and Ceiba pentandra 

(Collevatti et al. 1999; Brondani et al. 2003). Squirrell et al. (2003) reviewed the development of 

SSR markers in 71 plant species for agriculture, forestry and molecular ecology, and concluded that 

the major drawback of SSR markers is the effort needed to select pairs of working primers. Another 

disadvantage of SSRs is that only one locus can be sampled with each primer pair, although the 
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simultaneous analysis of multiple loci (multiplexing) can be achieved by analysis of SSRs of different 

size range and with different fluorescently labeled PCR products. Microsatellite collections are 

available for several species including Pinus taeda (245 SSRs) (Auckland et al. 2002), Eucalyptus 

grandis and E. urophylla (70 SSRs) (Brondani et al. 1998; Brondani et al. 2002), and E. globulus, E. 

nitens and E. sieberi (42 SSRs) (http://www.ffp.csiro.au/tigr/molecular/eucmsps.html). 

Amplified fragment length polymorphism (AFLP) markers 

The AFLP marker system (Vos et al. 1995) can amplify more than a 100 loci in a single PCR 

reaction, depending on the primer combination used (Raflaski et al. 1996), providing the highest 

multiplex ratio and combined information content of the marker systems (Figure 3). The AFLP 

technique relies on the initial digestion of genomic DNA with two restriction enzymes, followed by 

the ligation of double stranded adaptors. The DNA fragments are then PCR amplified using primers 

that anneal to the adaptors but add one to four nucleotides that extend into the genomic restriction 

fragment. In this way, a specific nucleotide combination in the DNA fragment-adaptor boundary 

selects and amplifies sequences from the total pool of digested fragments. Polymorphism is generated 

by sequence variation at the restriction sites and the sites of the selective nucleotides. AFLP markers 

have dominant inheritance and have limitations of information content similar to RAPD markers. 

AFLPs have more total information per reaction (due to the higher multiplex ratio), but the procedure 

is technically more demanding, requiring a multi-step template preparation and resolution of 

fragments on sequencing gels. Furthermore, the AFLP technology is proprietary (Keygene, 

Wageningen, The Netherlands) and requires licensing. AFLPs have been applied extensively in the 

generation of forest species linkage maps (Marques et al. 1998; Paglia and Morgante 1998; Travis et 

al. 1998; Remington et al. 1999; Costa et al. 2000; Yin et al. 2002; Myburg et al. 2003). 

Other marker systems based on known sequence 

Several other marker systems have been used in forest genetics. Markers based on cleaved amplified 

polymorphic sequences (CAPS) are similar to AFLPs in that they also detect restriction site 

polymorphism, but they differ in that the DNA fragments are first amplified using locus-specific 

primers and then cut with restriction enzymes (Iwata et al. 2001). CAPS markers are therefore best 

suited for single-locus tagging. Similarly, sequence-tagged-site (STS) polymorphisms may be 

detected by locus-specific amplification with defined primers that yield polymorphic 

presence/absence marker phenotypes. They are similar to RAPDs but represent a single known target 

sequence (Tsumura et al. 1997; Perry and Bousquet 1998; Tsumura and Tomaru 1999). Sequenced 

characterized amplified region (SCAR) markers rely on the amplification of sequences derived from 
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individually isolated RAPD or AFLP fragments (Paran and Michelmore 1993; Gosselin et al. 2002). 

Finally, the recent availability of expressed sequence tag (EST) sequences derived from cDNAs for 

several forest tree species has allowed the analysis of polymorphism based on single-nucleotide 

polymorphism (SNP) markers in transcribed regions (Temesgen et al. 2001). 

Single-nucleotide polymorphisms (SNPs) in forest tree species 

SNPs (Kwok et al. 1996; Kruglyak 1997) are an abundant source of genetic variation and genetic 

markers that is only beginning to be exploited in forest trees. SNP detection and genotyping methods 

have improved in recent years (Gut 2001; Shi 2001; Syvanen 2001) due to the increased interest in 

the use of association methods for genetic dissection of complex human diseases (Risch and 

Merikangas 1996). SNPs can be identified from EST databases that were derived from a mixture of 

genotypes (Buetow et al. 1999; Picoult-Newberg et al. 1999; Somers et al. 2003). Such databases 

should be the best source of nucleotide diversity data for association genetic studies in forestry, as 

more sequences and software that automate SNP discovery become available (Barker et al. 2003; 

Schmid et al. 2003). 

Several substantial collections of ESTs are available for forest tree species. Large numbers of 

cDNAs have been sequenced from pine and poplar (Allona et al. 1996; Sterky et al. 1998; Kirst et al. 

2003) and more than 200,000 EST sequences from woody species were available in GenBank as of 

July 2003. The majority of these ESTs originate from two major sequencing projects that were 

completed recently for Pinus (+ 83,000) (pinetree.ccgb.umn.edu) and Populus (+ 113,000) 

(www.poppel.fysbot.umn.edu), both focused on genes expressed in differentiating xylem. In addition 

to these two EST resources, ESTs have also been generated for Eucalyptus (+ 120,000) (H. Carrer, 

personal communication) and Birch (+ 80,000), but are not yet publicly available. Other major EST 

sequencing efforts are being carried out for Eucalyptus (200,000 ESTs targeted) (D. Grattapaglia, 

personal communication), Pine (~ 100,000 ESTs targeted) (Cairney et al. 2003; Dean et al. 2003), 

Poplar (Douglas et al. 2003) and Picea (J. Mackay, personal communication). The first draft of a 

poplar genome sequence is expected to be available by the end of 2003 (Tuskan et al. 2003) and 

should provide abundant SNP information. 

SNP discovery typically requires confirmation of the polymorphism through PCR 

amplification and sequencing. One difficulty that arises for SNP discovery in forest tree species is 

that most individuals are highly heterozygous. This limitation can be overcome in conifers by the use 

of haploid megagametophyte tissue, which allows SNP haplotypes to be determined directly. In other 

woody species, sequencing from PCR amplified gene fragments requires the ability to discriminate 

between heterozygous nucleotides and sequencing errors. Bioinformatics applications have been 
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developed to distinguish between these (Nickerson et al. 1997; Marth et al. 1999), although indels 

remain problematic. Even if discrimination of heterozygous loci is possible, linkage phase and 

haplotypes identity are more difficult to assign. Cloning remains the best approach to obtain accurate 

SNP haplotype and linkage phase recognition. 

LINKAGE ANALYSIS IN OUTBRED FOREST TREE SPECIES 

Linkage analysis in outbred pedigrees of forest trees is complicated by the varying numbers of marker 

alleles (up to four) that may be present at each marker locus. This situation generally gives rise to 

mixed segregation types (one or both parents may be heterozygous at each locus), and linkage phases 

of markers are generally unknown. The information content of markers can therefore vary from one 

marker locus to the next, depending on the type and dominance of the marker system used and the 

type of mapping population. Despite these difficulties, linkage analysis in outbred pedigrees of forest 

tree species became extensive in the last decade (Bradshaw and Stettler 1994; Devey et al. 1994; 

Grattapaglia and Sederoff 1994; Byrne et al. 1995; Verhaegen and Plomion 1996; Echt and Nelson 

1997; Marques et al. 1998; Travis et al. 1998; Remington et al. 1999; Bundock et al. 2000; Butcher 

and Moran 2000; Costa et al. 2000; Hayashi et al. 2001; Thamarus et al. 2002; Yin et al. 2002; 

Myburg et al. 2003; Yin et al. 2003). Maliepaard et al. (1997) provided a complete overview of all 

possible marker configurations in full-sib families of outbreeding plant species and maximum 

likelihood estimators for recombination frequencies among markers of different configurations. These 

marker configurations (Table 2) can all be extended to full-sib and half-sib pedigrees of outbred forest 

tree species. 

Moderately dense genetic maps of both pollen and seed parents of tree pedigrees can be 

readily constructed using the marker systems described previously. In cases where a substantial 

number of markers are segregating from both parents, it is possible to compare the lengths of 

maternal and paternal maps and infer differences in local and global rates of recombination during 

male and female gamete formation. In one loblolly pine full-sib cross, the total size of the genetic 

maps was used to compare recombination rates in the parents, showing that the recombination rate 

was 26% higher in the pollen parent (Groover et al. 1995). Similarly, the rate of recombination was 

inferred to be 28% greater in the pollen parent of a full-sib cross of maritime pine (Plomion et al. 

1996c). However, no difference was observed in whole-genome recombination rates of seed and 

pollen parents in a Eucalyptus grandis x E. globulus hybrid pseudo-backcross with E. grandis as a 

male and E. globulus as a female parent (Myburg et al. 2003). 

The large amount of genetic load and consequent inability to develop inbred lines in forest 

tree species forced early forest geneticists to employ novel mapping designs but still allow the use of 
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mapping models and software packages designed for inbred species. These mapping designs have 

allowed the application of inbred line models to generate single-tree, genetic linkage maps of both 

parents of full-sib crosses and of the maternal parent of half-sib crosses. 

Two-way pseudo-testcross model 

The realization that single-plant genetic linkage maps could be constructed in outbred plant species 

based on dominant (single-dose) markers that segregate in “testcross” configuration in heterozygous 

individuals (Gebhardt et al. 1989; Ritter et al. 1990; Carlson et al. 1991) gave rise to the use of 

“pseudo-testcross” mapping approaches in several allogamous plant species (Sobral and Honeycutt 

1993; Hemmat et al. 1994). This mapping approach was first put in practice in forest trees by 

Grattapaglia and Sederoff (1994) who constructed genetic linkage maps of the two parents of an 

interspecific full-sib cross of E. grandis and E. urophylla. The use of dominant RAPD markers in this 

full-sib family resulted in three types of segregating markers: (a) testcross (1:1 segregating) markers 

inherited from the pollen parent, (b) testcross (1:1 segregating) markers inherited from the seed parent 

and (c) intercross (3:1 segregating) markers inherited from both parents (Figure 4). Based on the 

parental source of the testcross markers, the two testcross marker sets are used to construct single-tree 

genetic maps of the two parental trees. The name “two-way pseudo-testcross” was given to the 

approach because the testcross configuration of individual markers cannot be inferred a priori as in 

true testcrosses and, because the posterior inference has to be extended to both parents (Grattapaglia 

and Sederoff 1994). The “two-way pseudo-testcross” mapping strategy has been used in a wide range 

of forest tree species, particularly in conjunction with RAPD or AFLP marker analysis (Verhaegen 

and Plomion 1996; Marques et al. 1998; Arcade et al. 2000; Lerceteau et al. 2000; Wu et al. 2000; 

Cervera et al. 2001; Chagne et al. 2002). 

In some studies, it has been possible to use the intercross markers identified during pseudo-

testcross analysis to establish homology or large scale synteny of the two testcross parental maps 

(Verhaegen and Plomion 1996; Barreneche et al. 1998; Marques et al. 1998; Wu et al. 2000). 

However, a maximum of only 25% of mapping progeny are informative when dominantly scored 

intercross markers are mapped onto a framework map of testcross markers (Liu 1998), which results 

in very low power to map such markers in both parental maps. This problem is further complicated by 

the relatively low proportion of intercross markers commonly observed in full-sib progenies of forest 

trees, and the general lack of software packages that accommodate mixed segregation types. This 

problem can now be addressed by the use of co-dominant markers such as SSRs and gene-based 

markers (Barreneche et al. 1998; Brondani et al. 1998; Chagne et al. 2002; Yin et al. 2002), although 

true outcrossed models may be more powerful for this purpose. 
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Double pseudo-backcross model 

The two-way pseudo-testcross mapping strategy has mostly been used in intraspecific full-sib 

pedigrees, or in first-generation (F1) interspecific families. The genetic linkage maps produced in this 

way are in both cases that of pure-species parents. Myburg et al. (2003) proposed a “double pseudo-

backcross” mapping strategy for comparative linkage mapping in F2 backcross populations of forest 

tree species. This design was called a pseudo-backcross because, in order to avoid inbreeding 

depression, the F1 hybrid was not backcrossed to the original parents, but to alternative parents of the 

two species (E. grandis and E. globulus) (Figure 5). The double pseudo-backcross approach is based 

on the two-way pseudo-testcross design, but allows much higher resolution comparative mapping, 

due to the higher proportion of shared marker polymorphism in this pedigree (through the shared F1 

parent). This provides an excellent genetic framework for comparative mapping of genes and genetic 

factors involved in interspecific differentiation between the parental species. 

Second generation hybrid mapping populations are of particular interest for comparative 

genome mapping and dissection of postzygotic reproductive isolation mechanisms in forest trees 

(Myburg et al. 2003). The genetic linkage maps produced in F2 intercross or backcross hybrid 

pedigrees include that of the F1 hybrid parent(s) through which heterospecific alleles are inherited. F1 

hybrids are by default heterozygous for genes that differentiate the parental species, and the 

segregation of heterospecific alleles in F2 hybrid progeny can be used to map quantitative trait loci 

(QTLs) that differentiate the parental species. It also provides the opportunity to test the differential 

transmission ratio of heterospecific alleles and, based on this, the genetic architecture of reproductive 

barriers in the F1 genome can be characterized. 

Open-pollinated (half-sib) model 

Molecular geneticists have been able to utilize a unique feature of conifer species to construct genetic 

linkage maps of maternal (seed) parents of open-pollinated families. In conifers, DNA can be 

extracted from the haploid megagametophyte in germinating seeds. Each haploid megagametophyte 

is a mitotic derivative of one of the four cells resulting from a single meiosis and is identical to the 

maternal contribution to the zygote. In a conifer seed, the megagametophyte tissue is readily 

separated from the embryo either before or after germination. A mapping population can therefore be 

generated rather quickly by extracting genomic DNA from the megagametophytes of 100 or more 

seeds collected from a single tree (Tulsieram et al. 1992; O'Malley et al. 1996). Each 

megagametophyte represents a single recombinant gamete inherited from the maternal parent. Each 

heterozygous locus in the maternal parent segregates in a 1:1 ratio. Pairs of segregating markers may 

therefore be tested for linkage and recombination (Figure 6). The testcross (1:1) segregation pattern of 
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marker alleles in megagametophytes can be used to determine linkage between markers, estimate 

recombination distance, assign linkage phase and thereby construct single-tree genetic linkage maps 

of the maternal parent. This approach is especially useful for dominant marker systems such as RAPD 

and AFLP and it has been used to construct genetic linkage maps in many conifer species including 

slash pine (Nelson et al. 1993), Norway spruce (Paglia and Morgante 1998), pinyon pine (Travis et 

al. 1998), radiata pine (Kuang et al. 1999), Turkish red pine (Kaya and Neale 1995), loblolly pine 

(Remington et al. 1999), maritime pine (Costa et al. 2000) and white spruce (Gosselin et al. 2002). 

Half sib mapping can also be carried out in diploid segregating progeny in any situation 

where only progeny from a single parent are available and where there is a high level of allelic 

diversity. In this case, the seed parent can be mapped using rare maternal alleles that segregate in a 

testcross configuration. Rare alleles are those that are in low frequency in the general pollen pool but 

present in the maternal parent. When heterozygosity and genetic diversity is high, the number of rare 

alleles present in any single tree can be sufficient to generate a substantial genetic map. In 

outbreeding species, a rare dominant allele will almost always be present in a heterozygous state in 

any specific seed parent, and therefore the progeny will approximate a 1:1 segregation (Figure 6). 

Furthermore, even if the dominant allele is only relatively rare, (e.g. < 0.2 in the population) it is still 

possible to map such alleles, using a substantial progeny size, and appropriate statistical tests 

(Grattapaglia et al. 1996; Liu 1998). Microsatellite loci often have rare alleles and would also be 

useful in a half sib, testcross configuration. RAPD and AFLP markers are useful in this type of half 

sib analysis because of the large number of markers that can be screened and from which rare alleles 

can be identified. 

QUANTITATIVE TRAIT LOCI ANALYSIS IN FOREST TREES 

QTL detection 

One of the main applications of linkage maps in forest genetics has been the dissection of molecular 

mechanisms that underlie continuous variation through QTL analysis (Sewell and Neale 2000; van 

Buijtenen 2001). Initial QTL studies in plants indicated that a small number of major (large-effect) 

genes control a substantial proportion of the phenotypic variation for many quantitative traits 

(Paterson et al. 1988; Paterson et al. 1991; Stuber et al. 1992). This inference has often been called 

the oligogenic model of quantitative variation. Forest trees, due to their long life span and need to 

adapt to changing environments over very long periods of time, were thought to be different from 

annual plants, and to follow a polygenic model where large numbers of genes of small effect 

determine quantitative traits. Therefore, it was argued that QTL identification in forest tree species 
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would be limited and only useful for the analysis of traits of chemical or morphological nature 

(Strauss et al. 1992), and that the genetic dissection of many characteristics that are of interest for the 

forestry industry (e.g. diameter and height growth) would not be successful. However, QTLs were 

readily identified in forest tree species for traits such as growth and wood properties (Groover et al. 

1994; Bradshaw and Stettler 1995; Grattapaglia et al. 1995) and initial QTL mapping results argued 

for a model where quantitative traits are regulated by a distribution of genes with large and small 

effects. 

QTL analysis requires the crossing of two individuals with different alleles at loci affecting a 

trait of interest and following the segregation of the parental genomes in the progeny by genotyping 

multiple loci. Because true backcrosses, F2 populations, recombinant inbred lines and doubled haploid 

lines cannot be readily generated in forest tree species, the detection of QTLs in forestry was initially 

considered difficult. Strauss et al. (1992) suggested that wide hybrid crosses may be more suitable for 

detection of QTLs because of the wide phenotypic segregation and linkage disequilibrium (LD) 

generated in hybrids. Forest tree species are typically highly heterozygous and display wide trait and 

molecular marker polymorphism segregating in F1 progeny. Therefore, individual trees may be 

considered as hybrids as their progeny more closely resemble F2’s or backcross populations observed 

in inbred crop species. This concept opened the possibility to use existing breeding populations for 

linkage mapping and QTL analysis, avoiding some of the limitations of long generation times. 

The methods of genetic analysis of quantitative traits now called QTL detection, were 

developed for single genes early in the history of genetics (Altenburg and Muller 1920; Sax 1923). 

Such methods were often based on testing the phenotypic mean of the progeny that inherited the 

marker alleles AA at one locus relative to that of progeny that inherited alleles AB (i.e. the 

substitution effect of allele B). More sophisticated approaches use the genotypic information from 

two adjacent loci to provide more accurate estimates of effect and position of the QTL in marker 

intervals (Lander and Botstein 1989) and control for the effect of other markers associated with the 

trait, thereby improving the power and precision of QTL detection (Zeng 1994). Multiple interval 

mapping methods have also been developed to allow the characterization of epistatic interactions 

between QTLs (Kao et al. 1999). Comprehensive reviews on methods of QTL detection are available 

(Liu 1998; Zeng et al. 1999; Mackay 2001). 

High genome coverage is desirable for detecting multiple QTLs, and has become feasible due 

to marker systems based on PCR. The ability to detect QTLs depends on the magnitude of the effect, 

and genetic structure of the population tested, and the population size. Population size is most 

important in determining the magnitude of QTL effects that can be detected and, therefore, the 

number of QTLs that can be reliably mapped in any particular experiment (Beavis 1997; Brown et al. 
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2003). Population size remains a major obstacle in QTL analysis of forest trees because of the large 

and long term investments needed to maintain large populations or progeny sets. Small populations 

tend to miss or overestimate QTL effects and may result in the inability to identify or verify specific 

QTLs (Beavis 1997). 

QTL number and proportion of phenotypic effects explained by QTLs are typically lower in 

forest species than in their agronomic counterparts. Most QTL scans in crop species have been able to 

identify an average of four major QTLs for a variety of traits, jointly explaining approximately 46% 

of the phenotypic variance (Kearsey and Farquhar 1998). The limited power to detect QTLs in forest 

tree mapping experiments, relative to agricultural species, may be due to high environmental variation 

in tree plantations, and smaller populations tested. Despite the difficulties associated with QTL 

analysis of forest species, the identification of QTLs has resulted in a better understanding of the 

magnitude, dominance and distribution of genomic loci that control quantitative variation. Traits with 

identified QTLs include growth, chemical and physical properties of wood (Grattapaglia et al. 1996; 

Verhaegen et al. 1997; Sewell et al. 2000; Sewell et al. 2002), vegetative propagation capacity 

(Grattapaglia et al. 1995; Marques et al. 1999), phenology (Bradshaw and Stettler 1995; Frewen et al. 

2000) and tree architecture (Wu 1998). Typically a few QTLs are detected with modest to large 

effect, explaining from 5 to 20% of the phenotypic variance. 

Growth QTLs 

Early efforts to map QTLs were directed to easily measurable traits of commercial value, such as 

height, and diameter growth. These studies have been able to identify growth QTLs for several 

commercial species, including Populus (Bradshaw and Stettler 1995; Wu 1998), Eucalyptus 

(Grattapaglia et al. 1996; Byrne et al. 1997; Verhaegen et al. 1997), Pinus (Plomion et al. 1996a; 

Emebiri et al. 1998; Kaya et al. 1999; Weng et al. 2002) and Salix (Tsarouhas et al. 2002). The 

number and effect of QTLs identified for growth in these studies varies greatly, because they involve 

different populations, species, growth estimators (height, diameter or volume), ages and QTL 

detection methods. Nonetheless, most studies have identified one to three major QTLs for growth 

traits, which explain in combination from 13% (Grattapaglia et al. 1996) to more than 27% (Wu 

1998) of the phenotypic variation. 

Wood property QTLs 

Traits associated with chemical properties of wood may be more amenable to QTL detection because 

they could be controlled by fewer loci than growth traits (Strauss et al. 1992). However, wood 

property measurements are labor-intensive, expensive, and lack quantitative high-throughput assays 
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suitable for QTL detection. Recently, methods of quantifying wood property phenotypes using near-

infrared spectrometry (Michell and Schimleck 1996; Tsuchikawa et al. 1996; Schimleck et al. 1997; 

Michell and Schimleck 1998), SilviScan (x-ray densitometry combined with automated scanning x-

ray diffraction and image analysis), mass spectrometry (Evans et al. 1997; O'neill et al. 1999; Evans 

and Ilic 2001), computer tomography X-ray densitometry (CT scan) and pyrolysis molecular beam 

mass spectrometry (pyMBMS) (Tuskan et al. 1999), have allowed a substantial increase in the 

efficiency of data collection. The application of these methods for QTL detection has been 

demonstrated in Pinus (Sewell et al. 2002) and Eucalyptus (Myburg et al. 2001), and will be used 

more widely in the coming years. Meanwhile, most studies on wood properties have focused on basic 

wood density and have been able to identify from three to five genomic regions associated with the 

trait in Eucalyptus (Grattapaglia et al. 1996) and Pinus (Groover et al. 1994) explaining up to 24% of 

the phenotypic variation. 

Mapping host resistance to disease 

The application of genetic mapping technology in forest trees has led to the identification of genomic 

regions associated with host resistance to fungal diseases. The long life span of forest trees, and the 

short life span of their fungal pathogens led to the assumption that host resistance to disease in trees 

would be quantitative, and examples of Mendelian resistance factors were considered exceptions 

(Wright 1976). Inheritance of disease resistance in forest species is in many cases explained by 

Mendelian factors (Kinloch et al. 1970; Devey et al. 1995), while quantitative in others (Griggs and 

Walkinshaw 1982). 

Host resistance to fusiform rust disease in loblolly pine was considered to have both 

quantitative and qualitative features (Carson and Carson 1989). Mapping with RAPD markers, and 

strict control of the genotype of the rust pathogen, resolved the Mendelian nature of fusiform rust 

resistance (Wilcox et al. 1996), which followed the classic gene-for-gene model (Flor 1955). Wilcox 

et al. (1996) used megagametophytes from potentially heterozygous parents to genotype the maternal 

contribution to the embryo, and correlated genetic markers with resistance or susceptibility of the 

corresponding seedlings. In this way it was possible to associate markers with the disease phenotype, 

distinguish resistance from escapes and improve assay systems. 

Devey et al. (1995) and Harkins et al. (1998) mapped the sugar pine (Pinus lambertiana) 

locus for resistance to white pine blister rust and identified one RAPD marker to within 0.22 cM of 

the R gene. Similar results were obtained in the identification of a major gene for resistance to 

Melanospora medusae in a poplar hybrid, where an RFLP marker linked to a single resistance locus 

(5 cM) was identified (Newcombe et al. 1996). Positional cloning to tentatively identify the resistance 
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gene has not yet been successful (Stirling et al. 2001). The availability of the poplar genome sequence 

is expected to yield information about candidate genes located within these intervals. Quantitative 

patterns of genetic inheritance were identified for blight resistance in chestnut (Castanea sp.) 

(Kubisiak et al. 1997) and Septoria populicola in hybrid poplar (Newcombe and Bradshaw 1996), 

and the total phenotypic variation explained by these QTLs (42.2% and 68.3%, respectively) is high 

relative to growth and wood quality QTLs. 

Quantitative analysis of inbreeding depression by genetic mapping 

Forest trees are typically outbreeding, often with large population sizes, and are characterized by high 

genetic load, and resulting inbreeding depression (Namkoong and Bishir 1987; Williams and 

Savolainen 1996). Lethality usually occurs at the embryonic stage and can be estimated by the ratio of 

empty and filled seed following selfing or outcrossing. An estimated 8 to 10 lethal equivalents is 

typical for conifers (Remington and O'Malley 2000a), including loblolly pine (Franklin 1972), 

although exceptions such as red pine show little inbreeding depression (Fowler 1965). Genome wide 

genetic mapping and QTL analysis have been used to dissect the genetic architecture of inbreeding 

depression in radiata pine and loblolly pine (Kuang et al. 1999; Remington and O'Malley 2000a; 

Remington and O'Malley 2000b). In Pinus radiata, Kuang et al. (1999) identified one completely 

lethal locus acting during germination and eight additional semi-lethal loci, by inbreeding of a single 

plus tree. In loblolly pine, nineteen loci were identified showing lethal and deleterious effects 

accounting for 13 lethal equivalents (Remington and O'Malley 2000b). All of the loci affecting 

inbreeding depression were embryonic-stage specific. Two loci mapped as QTLs, identified 13% of 

the inbreeding depression in a specific family (Remington and O'Malley 2000a). These results 

challenge a prevailing hypothesis that inbreeding depression is caused by large numbers of genes of 

small effect (Lande et al. 1994). 

QTL genes and fine-scale mapping 

A major objective of molecular tree breeding is to identify the specific genes and polymorphisms 

underlying QTLs, so selection can be carried out directly or phenotypes can be manipulated by 

genetic transformation. Genes underlying QTLs have not yet been identified in forest tree species. 

Strategies such as positional cloning (Alpert and Tanksley 1996) and transposon tagging (Doebley et 

al., 1997) have been used in agricultural crops to identify genes controlling variation in quantitative 

traits. 

Positional cloning has only been applied to a small number of cases (Flint and Mott 2001; 

Korstanje and Paigen 2002). Only seven genes underlying QTLs have been identified in crops 
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(tomato, rice and maize) and the model plant Arabidopsis (Morgante and Salamini 2003) by 

positional cloning. These genes encode for metabolic enzymes, transcription factors and signal 

transduction pathways and are involved in flowering time, fruit shape and quality, and plant 

development. Positional cloning requires mapping the QTL for the trait of interest with very high 

resolution (fine-scale QTL mapping) using highly saturated genetic maps and very large progeny 

sizes. When tightly linked markers are identified at high resolution, chromosome walking is 

undertaken to identify the genes located in the QTL interval. Efforts have been made in forest trees to 

clone genes associated with loci for disease resistance (Harkins et al. 1998; Stirling et al. 2001). 

However, the cost of identifying markers closely linked to quantitative loci and identifying 

recombinants represents a substantial challenge in forest genetics. The method is labor-intensive and 

very likely prohibitive, particularly for the large genomes of conifers, where the average genetic 

distance of 1 cM may correspond to approximately 15 Mbp of DNA (Harkins et al. 1998).  

MARKER-ASSISTED SELECTION IN FOREST TREES 

Linkage mapping and QTL analysis information could be used in tree breeding for marker-assisted 

selection (MAS), to reduce the time of the breeding cycle and increase the efficiency of selection 

(Williams and Neale 1992; O'Malley and McKeand 1994; Plomion et al. 1996b; Spelman and 

Bovenhuis 1998; Kumar and Garrick 2001). MAS relies on identification of a DNA marker in linkage 

disequilibrium with a QTL and selection of individuals based on the known marker. Research in 

MAS was stimulated by the advent of PCR-based genotyping methods and the almost “unlimited” 

genome coverage made possible by new marker systems. 

Despite the hope generated by initial QTL experiments in forest tree species, a number of 

difficulties became evident, as predicted by Strauss et al. (1992). Because the efficiency of MAS 

depends on the association between marker and QTL, low LD results in inconsistent associations in 

different families and populations (Mackay 1990). Most commercially important forest tree species 

display high levels of outcrossing (Gaiotto et al. 1997; Butcher and Williams 2002; Rajora et al. 

2002) and therefore tend to show low LD (Hartl and Clark 1997). Breeding between individuals from 

different populations is also likely not to generate substantial LD because most genetic variation 

occurs within rather than between populations (House and Bell 1994; Nesbitt et al. 1995; Delgado et 

al. 2002; Ledig et al. 2002). LD can be generated by interspecific hybridization. However, 

interspecific hybridization tends to generate transmission ratio distortion, particularly in 

taxonomically distant crosses (Bradshaw and Stettler 1994; Myburg et al. 2003). Also, interspecific 

hybridization is not commonly used in many commercially important forest trees, including widely 
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planted conifers such as Norway spruce or loblolly pine. Use of elite hybrids is a common practice in 

Populus and Eucalyptus breeding. 

Specific QTL alleles may have different effects and interactions in different genetic 

backgrounds. Although QTL mapping studies have suggested some level of conservation of QTLs for 

growth and wood quality in different crosses (Verhaegen et al. 1997; Brown et al. 2003), this 

observation has been limited to a few traits and loci. Since most tree breeding programs use 

genetically diverse germplasm to avoid inbreeding depression, it is likely that QTLs will have to be 

identified in a broad range of backgrounds. MAS may be most applicable in forestry operations that 

rely on within full-sib family selection (Kumar and Garrick 2001). In most cases, the association 

between markers and QTLs will probably still have to be determined for each family. 

An additional limitation of MAS for forest trees occurs because of their long generation 

times. Trees need to respond to environmental conditions that change from year to year, increasing 

the contribution of environment to phenotypic variance. Conifers go through dramatic modifications 

in wood chemistry and morphology during the transition from juvenile to mature wood (Zobel and 

Sprague 1998). A similar process occurs in many hardwoods. These developmental changes imply 

different genetic control as a function of tree age. Therefore, QTL analysis carried throughout the life-

cycle could identify different sets of QTLs over time. Weng et al. (2002) showed that the variance 

explained by multiple QTLs with major effect tends to decrease as the trees become older. Verhaegen 

et al. (1997) found that none of the QTLs for stem growth and wood density identified in an 

interspecific Eucalyptus cross were stably detected at 18, 26 and 36 months. 68% of QTLs were 

detected in two ages and the remaining QTLs were age specific. The same was observed by Emebiri 

et al. (1998) in Pinus radiata, where 48 QTLs for several growth traits were identified at five months 

and one, two and three years. None of these QTLs were stable throughout the entire experimental 

period, while 45% were stable through at least two consecutive ages. Perhaps a given set of genes that 

contributes to phenotypic variation at one age is replaced by a new set of genes, so that the genes of 

strongest effect at the beginning of the life cycle are not detectable at rotation age (Hodge and White 

1992; Kremer 1992). In addition, as trees grow older, many whole-tree phenotypes such as size, wood 

density and chemical composition may become increasingly more complex, due to the combined 

effects of different age-specific genes and their interactions with a changing environment. 

Another important determinant of the success of MAS involves the stability of QTLs in 

different environments. Genotype-by-environment interactions have been commonly observed in 

forest breeding experiments (Zobel and Van Buijtenen 1989). QTL mapping studies made under 

different environmental conditions are currently in progress in Eucalyptus (D. Grattapaglia, personal 

communication). Early studies on tomatoes indicated that the majority of the QTLs were only 
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identified in a single environment (Paterson et al. 1991). More recently, extensive QTL studies in 

barley, sunflower and rice, for example, showed repeatability for large numbers of QTLs in different 

environments, as well as large numbers of QTLs that are environment specific (Teulat et al. 2001; 

Hittalmani et al. 2003; Leon et al. 2003). Forest trees typically grow in highly heterogeneous and less 

controlled environments, and are more variable over time. Therefore, it is likely that individual QTL 

effects are underestimated and less predictable than in crop species. Many quantitative traits in forest 

trees may have a genetic basis in a relative smaller number of genes than is apparent from current 

studies. 

ASSOCIATION GENETICS AND LINKAGE DISEQUILIBRIUM MAPPING 

Quantitative trait marker association based on population-wide linkage disequilibrium has significant 

potential as a method to identify genetic linkage at higher resolution than traditional mapping allows. 

Linkage (or gametic phase) disequilibrium (LD) is the non-random association between alleles, 

usually at linked loci (Weir 1990). Association genetic studies identify DNA marker alleles that are 

differentially abundant in the individuals carrying alternative QTL alleles. The principle of 

association genetics is similar to linkage mapping in a segregating family and to the concept of using 

markers linked to QTLs to select superior individuals. The process differs in that one examines a 

mixture of more allelic genotypes than in a typical controlled cross, therefore, it may differ greatly in 

resolution and applicability. The resolution of a QTL on a linkage map depends on the size of the 

segregating population and marker density. The maximum achievable range is approximately 3 cM in 

very large populations (Falconer and Mackay 1996). However, QTL peaks often extend more than 20 

cM in forest tree maps. LD mapping takes advantage of historical recombination events that have 

occurred through many generations in a population, thereby greatly improving the resolution of gene 

tagging. In the case of a strong association between a molecular marker and the nucleotide change 

that gave rise to a QTL allele, the marker may become a useful predictor of the phenotype. In 

addition, the predicted effect of the QTL is not specific to a family or mapping pedigree, but may 

provide a population-wide effect and therefore a good indication of the breeding values of the QTL 

alleles. 

LD mapping was first applied for identification of alleles associated with the simple 

Mendelian inherited disease diastrophic dysplasia, a rare form of dwarfism (Hastbacka et al. 1992). 

Whereas most successful LD mapping efforts have been based on candidate gene studies, it was 

estimated that 500,000 SNPs would be required to carry out whole-genome screens for association in 

humans (Kruglyak 1999), assuming that LD extends over approximately 3 kb in typical populations. 

More recent studies have provided more optimistic perspectives. Nucleotide diversity and linkage 
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disequilibrium differs greatly throughout the human genome (Taillon-Miller et al. 2000; Goldstein 

2001; Ardlie et al. 2002), extending from a few thousand bases (Dunning et al. 2000) to hundreds of 

kilobases (Reich et al. 2001). Nucleotide diversity and LD structure have only recently begun to be 

surveyed in plants (Flint-Garcia et al. 2003). In maize, rapid LD decline was reported over a few 

hundred bases (Tenaillon et al. 2001), although it can be assumed that LD may vary substantially 

around different maize genes (Remington et al. 2001). A survey of 143 DNA fragments of coding and 

non-coding regions from soybean also indicated low levels of LD (Zhu et al. 2003). In contrast, a 

different pattern is observed in Arabidopsis, where LD extends over much larger distances (~ 250 kb, 

1 cM), presumably because of its high degree of selfing (Nordborg et al. 2002). 

Nucleotide diversity and LD information are scarce for forest tree species and have typically 

focused on genes that encode enzymes involved in commercially important traits, such as lignin 

biosynthesis. SNP frequency is higher in forest trees than in humans, consistent with the high level of 

DNA polymorphism known for forest trees and for some other plant species. Nucleotide changes 

have been identified once in <100 bp in non-coding, and once per 400 nucleotides in coding regions 

(Harkins 2001; Dvornyk et al. 2002; Garcia-Gil et al. 2003; Jarvinen et al. 2003; Vendramin et al. 

2003). These values are likely to be underestimates because most studies used a limited number of 

individuals and populations. Dvornyk et al. (2002) detected no linkage disequilibrium among 

segregating sites of the pal1 locus in Pinus sylvestris, based on the analysis of 5 haplotypes belonging 

to four different populations each. In contrast, LD extending over 750 nucleotides was identified by 

Garcia-Gil et al. (2003) for the same species, for two phytochrome SNPs. Larger population samples 

and a higher number of loci need to be analyzed before a general evaluation of LD structure can be 

made for woody species. 

The biology of woody perennials can provide us with indications about nucleotide diversity 

and LD structure relative to other plant groups. Most tree species have high genetic diversity and 

large population sizes. Trees are typically outcrossing and pollen and seeds are normally dispersed 

over long distances. These characteristics help them to retain high genetic diversity and disperse new 

alleles, reducing the possibility of allele loss by genetic drift. Many woody perennials of economic 

importance, such as loblolly pine and Eucalyptus grandis, are widely and continuously distributed, 

which contributes to high overall diversity, high variation within and low variation between 

populations. This behavior is likely to minimize population structuring and false associations often 

observed in humans (Knowler et al. 1988; Pritchard and Rosenberg 1999) and crop plants. Where 

breeding populations are used for association genetic studies, selection and bottlenecks may have 

created disequilibrium of allelic variation. However, many tree breeding programs have emphasized 

the continued introduction of undomesticated material to maintain genetic diversity (Zobel and 
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Talberg 1984). Nucleotide diversity and linkage disequilibrium are also dependent on other factors 

such as migration, admixture, recombination, mutation and gene conversion (Hartl and Clark 1997; 

Ardlie et al. 2002). For example, some Eucalyptus species are likely to have arisen from recent 

interspecific hybridization (Griffin et al. 1988), therefore low genetic diversity and high LD is 

expected. Also, selection may shape genetic diversity of genes associated with variation in traits of 

commercial interest, such as those for growth and wood quality. In maize, there is reduced variation 

for the genes encoding enzymes of the starch biosynthesis pathway compared to other pathways, 

presumably due to selection (Wang et al. 1999). Nevertheless, most natural and breeding populations 

of forest trees may still carry very high levels of genetic diversity and low LD, compared to crop 

species, arguing for the approach of searching for polymorphisms associated to phenotypic traits 

through the analysis of candidate genes rather than whole-genome screens. 

GENE MAPPING 

Gene mapping by genome sequencing 

Most tree species don’t have the characteristics typically sought in model plants, such as short 

generation time, transformability, crossing flexibility, simplicity of cultivation and a small genome. 

Complete sequencing in plants has been restricted to Arabidopsis as a model plant for genetic studies 

(The Arabidopsis Genome Initiative 2000) or rice as a crop and a model for the related cereals (Goff 

et al. 2002; Yu et al. 2002). Despite the importance of the forestry industry in the world’s economy, 

complete genome sequencing of most commercially important forest tree species is unlikely in the 

near future because the low short term return on investments and uncertain long term return on 

investment. Gymnosperms have the additional disadvantage of having very large genomes, with 

modal value of 15,480 Mbp (Leitch et al. 2001), five times larger than the human genome. For 

instance, loblolly pine has a haploid content of 20,000 Mbp (Wakamiya et al. 1993), which is 160X 

greater than Arabidopsis (125 Mbp) (The Arabidopsis Genome Initiative 2000). Despite the relevance 

of a gymnosperm genome sequence for evolutionary and comparative genomic studies, complete 

genome sequencing is unlikely to be carried out with current methods. 

Compared to traditional model plants like Arabidopsis, trees present the opportunity to study 

biological processes that are best studied in long-lived woody plants, such as wood formation, 

seasonal variation, dormancy or developmental changes from juvenile to mature phases. Populus has 

emerged as a “model woody plant” (Bradshaw et al. 2000; Taylor 2002; Wullschleger et al. 2002) 

due to the simplicity of vegetative propagation, its relatively small genome, transformability, 

availability of saturated genetic maps and well-established pedigrees. A full-genome sequencing 
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project is currently in progress by the U.S. Department of Energy (DOE) Joint Genome Initiative. The 

annotated draft of the Populus genome sequence is expected to be publicly released in December 

2003 (Tuskan et al. 2003). Populus has an estimated genome size of 550 Mb, which is approximately 

four times larger than the Arabidopsis genome and 1/6 of the human genome. The genome is being 

sequenced following a random shotgun approach, carried out on 3, 8 and 40 kb libraries. The 

assembly of the shotgun sequences will be supported by a physical map generated from 

approximately 46,000 BAC clones which have been end-sequenced (Douglas et al. 2003). The DNA 

segments generated from shotgun sequencing will be assembled into a physical map. 

The assembly of the poplar genome sequence will depend heavily on the existing poplar 

genetic maps and on additional genetic mapping in sequence-poor regions. Genetic linkage maps that 

have been generated for this effort include over 500 SSR and 2,000 AFLP markers (G. Tuskan, 

personal communication). Many of these SSR markers are conserved in the Populus genus and will 

allow the information generated for P. trichocarpa to be extended to other species, as well as for 

comparative genomics studies of synteny and gene family evolution. Knowledge of the genomic 

sequence and genetic maps will allow identification of candidate genes in QTL regions. Additionally, 

the full genome sequence will provide information for analysis of regulatory regions, identification of 

polymorphisms, and other applications for functional genomics. 

Mapping transcribed genes 

Genome sequence alone does not provide information on the location of active genes. Similarly, 

sequencing of expressed genes as ESTs does not provide information on the location of the genes. To 

identify candidate genes underlying a QTL effect, it is necessary to know both sequence and location. 

Previous sequencing efforts in forest trees have been directed towards characterizing the transcribed 

portion of the genome following an expressed sequence tag (EST) approach (Adams et al. 1991). The 

transcribed portion of the genome of Arabidopsis, a species with high gene density, represents less 

than 30% of the total DNA sequence (The Arabidopsis Genome Initiative 2000). Assuming a similar 

gene number and total exon length in woody plants, the transcribed proportion of the genome of 

poplar and Eucalyptus would be in the range of 5-7%, and only approximately 0.2% in conifers. 

Mapping of transcribed genes has been carried out using cloned cDNA sequences as labeled 

probes to map restriction fragment length polymorphisms (Devey et al. 1994; Devey et al. 1996; 

Thamarus et al. 2002). Transcribed genes have also been mapped using denaturing gradient gel 

electrophoresis (DGGE) (Brown et al. 2001; Temesgen et al. 2001), single strand conformational 

polymorphisms (SSCP) (Gion et al. 2000) and denaturing HPLC (Figure 7) (Zhang et al. 2003). The 

mapping of expressed genes by these methods is labor intensive. The total number of identified 
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expressed genes mapped in forest tree species is only of a few hundred. New genomic methods 

suggest that cDNA sequences may be mapped in larger numbers using a combination of AFLP 

methods and cDNA amplification (Bachem et al. 1996; Dubos and Plomion 2003), or by using 

microarrays as a mapping tool. The use of microarrays and quantitative analysis of transcript levels 

for specific genes has led to a new method of mapping loci controlling gene expression (described 

below). 

Gene mapping and microarrays 

A significant advance in genomics was made by the development of methods for parallel analysis of 

gene expression of thousands of genes through microarray or DNA array technology (Schena et al. 

1995). Microarrays rely on immobilizing DNA molecules representing the sequence of specific 

genes, each on a known position of a surface, and hybridizing fluorescently labeled cDNA 

synthesized from mRNA isolated from cells or tissue of interest. Technically, the fluorescence 

intensity measured on the spot where the sequence of a given gene was immobilized represents a 

relative measurement of the transcript level of that gene in the sample from which the mRNA was 

isolated. Since the introduction of microarrays (Schena et al. 1995), other variants have been 

developed, such as serial analysis of gene expression (SAGE) (Velculescu et al. 1995), but have been 

only rarely been applied in forestry (Lorenz and Dean 2002). Instead, the forestry research 

community has focused on a microarray platform based on PCR-amplified cDNA fragments. 

Whetten et al. (2001) used a cDNA microarray to compare gene expression in juvenile, 

mature, and compression wood of loblolly pine. Changes in gene expression between different cell 

layers in differentiating xylem and phloem have also been identified during cambial differentiation of 

poplar (Hertzberg et al. 2001). More recent studies have applied microarrays to study changes in gene 

expression during somatic embryogenesis (Stasolla et al. 2003a; Stasolla et al. 2003b; Van Zyl et al. 

2003), seasonal variation (Egertsdotter et al. 2003), root formation (Kohler et al. 2003), and 

formation of reaction wood (Déjardin et al. 2003; Gunneras et al. 2003; Peter et al. 2003). 

Microarrays are also being applied for genotyping and linkage mapping of forest tree species. 

This strategy combines the sensitivity of hybridization procedures to the power of analyzing 

thousands of genomic segments simultaneously. Individual genotyping for construction of linkage 

maps and QTL analysis typically requires amplification by PCR and fragment separation in a gel 

matrix, as in RAPD, AFLP and microsatellite analysis. Typically, one to a few dozen polymorphic 

markers are assayed simultaneously. An alternative approach is to use microarrays to assay a large 

number of polymorphic markers throughout the genome as described previously for humans and 

plants (Wang et al. 1998; Cho et al. 1999; Borevitz et al. 2003). A similar strategy (Jaccoud et al. 
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2001) was recently applied for fingerprinting of Eucalyptus trees (Lezar et al. 2003), where labeled 

genomic DNA from 15 Eucalyptus clones from a full-sib family were hybridized to microarrays 

containing 384 randomly selected, genomic restriction fragments. Analysis of the signal intensity 

revealed that 27% of these fragments were clearly polymorphic among 17 genotypes (15 full-sibs and 

two parents). This strategy could be used to genotype segregating populations for linkage map 

construction. Furthermore, if strategies can be developed to assay polymorphism within gene 

sequences on microarrays, array-based mapping will become a very productive approach to place tree 

genes onto genomic maps. 

Mapping loci controlling transcript levels 

The level of gene expression estimated by relative abundance of transcripts for any gene on a 

microarray may be viewed as a quantitative trait. If a sufficient number of segregating individuals are 

analyzed using arrays, the data may be treated as any population data for a quantitative trait and 

variation in expression may be dissected and mapped as expression quantitative trait loci (eQTLs). 

Therefore, the transcript profiles of a segregating progeny allow mapping of loci regulating variation 

in transcript abundance using QTL analysis (Brem et al. 2002; Schadt et al. 2003). Transcript level 

QTLs complement traditional DNA markers in linkage maps, in that they can locate cis and trans 

regulatory regions. 

If transcript level variation is due to polymorphism in the regulatory regions in or around the 

gene itself (cis-regulation), mapped eQTLs should co-localize with the gene. For genes differentially 

expressed due to trans-regulation, the eQTL will be located at another site determined by the 

transcription regulator. The two possibilities can be distinguished by direct mapping of the gene itself, 

and in part by the significance of the association between markers and the transcript level. Highly 

significant QTLs (LOD score > 7.0) for transcript abundance have been detected for 71% of the genes 

that were located in a genomic regions that overlapped the eQTL. This proportion dropped to 34% 

when a lower criterion was applied (LOD > 4.3) (Schadt et al. 2003). We found similar results for a 

set of genes in Eucalyptus, involving eQTL mapping of 811 cDNAs in a hybrid paternal map. About 

70% of the cDNA transcript variants have a simple genetic architecture with a single eQTL identified. 

The remaining 30% mapped to two or more sites, and up to five sites were identified for a single 

cDNA. One of the genes for which we could identify a highly significant gene expression QTL 

(likelihood ratio LR> 60) mapped genetically to the same location as its eQTL (Figure 8). However, 

transcript level QTL location and genetic location were not the same for a different set of genes 

involved in lignin biosynthesis, for which moderately significant transcript level QTLs were 

identified (LR 11 to 25) (CHAPTER 5). 
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If a gene’s transcription is regulated in trans, the eQTL would not correspond to the genetic location 

of the gene itself, but to the location of its expression regulator. This information may be very 

important for understanding genetic networks of expression regulation (epistasis). It represents an 

opportunity to identify transcriptional regulators that act on sets of genes of specific interest. A 

common observation of most microarray experiments has been the identification of clusters of 

coordinately expressed genes that frequently have a common function or act in the same biochemical 

pathway. Common regulatory motifs have been found for genes with coordinated expression patterns 

(Hughes et al. 2000). Mapping of transcript level QTLs for coordinately expressed genes may allow 

identification of transcriptional regulators that act on groups of genes. In our study of transcript 

variation in a Eucalyptus backcross family, we identified two loci that regulate the expression of a 

large number of genes associated with lignin biosynthesis (CHAPTER 5). These loci may represent 

transcription factors that directly or indirectly regulate the expression of those genes, and components 

of regulatory networks associated with quantitative variation in lignin content. Schadt et al. (2003) 

found many gene expression QTL hotspots, where a single QTL affected the expression of a large 

numbers of genes, many with similar molecular function. 

INTEGRATING LINKAGE MAPS, QTLS AND MICROARRAYS 

New information about the genes that determine the molecular basis of quantitative traits may be 

obtained by integrating data from microarrays with the genetic mapping and quantitative analysis of 

phenotypes. To do this, it is necessary to find genes whose expression is highly correlated with 

phenotypic variation. Microarrays can identify genes differentially expressed between individuals 

with contrasting phenotypes. Linkage mapping and QTL analysis localize genomic regions that 

regulate quantitative variation at phenotypic traits. These tools complement each other by providing 

genomic information about variation at the genotypic and transcript level, both of which are 

associated with variation in quantitative phenotypes. When a transcript level QTL, the structural gene 

itself and a phenotypic QTL are co-localized, this provides strong support for the involvement of that 

gene in the quantitative trait. In some cases, the relationship may be due to linkage, and proof of the 

direct involvement requires additional tests. 

Integration of linkage map and QTL information with microarray data was carried out for 

asthma susceptibility in mice by contrasting gene expression between the parental lines of a QTL 

study (Karp et al. 2000) and similarly for ovariole number in Drosophila (Wayne and Mcintyre 

2002). The genetic location of differentially expressed genes was then compared to the position of 

QTLs. Eaves et al. (2002) identified genes differentially expressed between congenic mouse strains 

containing different alleles at one locus associated with diabetes susceptibility. The identification of 
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candidate genes in these studies was supported by genome sequence of the regions spanning the QTL. 

This approach is not feasible for the vast majority of QTL studies carried out in forest tree species 

(except poplars), as well as most agricultural crops and animals because full genome sequence is not 

available. 

Jansen and Nap (2001) suggested that gene expression profiles of large segregating 

populations could be used to identify QTLs for gene expression and to discover candidate genes 

associated with quantitative variation. Design and analysis of such experiments have also improved 

because of better methods for the statistical analysis of microarray experiments (Churchill 2002). We 

have generated gene expression profiles for large sets of segregating progenies to analyze the genetic 

architecture of gene expression variation in Eucalyptus (CHAPTER 3), following an integrating 

strategy such as that used in yeast (Brem et al. 2002), maize, mouse and humans (Schadt et al. 2003). 

Signal intensities measured from 2608 cDNAs provided a quantitative estimate of transcript 

abundance in the developing xylem of each individual. This information allowed the identification of 

genes associated with quantitative traits involved in wood density and growth variation in a backcross 

population of Eucalyptus (CHAPTERS 4-5). This strategy is advantageous over identification of 

candidate genes based simply on co-localization with the phenotypic trait QTLs, using mapping 

information alone (Brown et al. 2003). Co-localization may be due to chance because QTL intervals 

generally span large genomic regions. Co-localized gene expression and trait QTLs only identify 

genes transcribed in the target tissue and differentially expressed in the parental individuals. 

Quantitative analysis of gene expression may provide other advantages for the identification of genes 

associated with quantitative variation. Anonymous markers used to identify QTLs are limited in their 

capacity to describe the phenotypic variation because they only account for genetic variation. Gene 

expression variation could be more highly associated with the phenotype because it may include 

environmental and developmental sources of variation that are unaccounted for by the genotype 

alone. The few estimates of gene expression heritability made under highly controlled environmental 

conditions report 20 to 50% of transcript abundance variation could not be directly accounted by 

genetic effects (Dumas et al. 2000; Brem et al. 2002). Non-genetic sources of transcript level 

variation can be substantial, particularly for traits of low to moderate heritability. Transcript level 

may therefore be more predictive of trait value than molecular markers flanking the QTL of interest, 

but this hypothesis remains to be tested. Many important traits in forest trees have low heritability, 

and transcript level analysis might be particularly valuable for selection of these traits, particularly if 

transcript level information can be combined for several genes and QTLs. This approach may be 

extended to studies of complex traits in many other systems where the environment has a strong 

effect on the phenotype and heritability is low. 
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CONCLUSION 

Methods for genome mapping of forest trees have undergone continuous improvement in the last 

decade and are now well established. Genetic linkage maps are useful for tree breeding, marker-aided 

selection, comparative genome mapping and quantitative trait dissection. Genetic mapping will be 

essential for creating the first draft sequence of the poplar genome, as part of the assembly and 

anchoring of the genome sequence to a physical and genetic map. Comparative mapping with related 

species will further extend the much anticipated genomic information. 

Rapid changes are occurring in forest genetic and genomic research, with the application of 

genomic technologies for gene discovery, transcriptome and proteome characterization (Allona et al. 

1996; Sterky et al. 1998; Hertzberg et al. 2001; Whetten et al. 2001). New methods for transcript 

mapping based on microarrays will help to identify genes underlying QTL effects and regulatory 

networks in metabolism and development. As the new genomic information becomes available, the 

challenge will be to effectively combine sequence information with genetic mapping studies to 

understand the genetic basis of traits of economic and biological interest. 
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TABLES 

Table 1 

Comparison of marker systems 

 RAPD SSR AFLP 
Principle  DNA amplification using 

random primers 
Simple sequence repeat 
(usually di- or tri-
nucleotides) amplification 
using specific primers  

Selective amplification of 
restriction fragments using 
specific primers 

Nature of polymorphism SNP, indels Repeat length change SNP, indels 
Dominance  Dominant  Co-dominant Dominant 
Heterozygosity Medium High Medium 
Multiplex ratio Medium Low High 
Transferability between 
populations / species 

Low / Low High / Medium Low / Low 

DNA sequence information 
required 

No Yes No 

Technological accessibility High Low Medium 
Development cost Low High Medium 
Usage cost Low Medium Low 
Intellectual property 
restrictions 

Low Low High 

Linkage mapping applications   
Creation of genetic maps 
- no prior information 

High Medium High 

Creation of genetic maps 
- after marker development 

High Very High High 

Mapping of simple traits High Medium High 
Mapping of QTLs High Medium High 
Comparative mapping Low High Low 

 

 

Table 2 

Different marker configurations possible in full-sib and half-sib pedigrees of outbred forest 

species 

Progeny genotype ratios
 

Parental 
genotypes 

Co-Dominant 
markers 

Dominant 
markersa

Segregation type Informativeness 

aa x aa aa Aa No segregation not informative 

ab x aa ab:aa = 1:1 Aa:aa = 1:1 testcross/ backcross maternally informative 

aa x ab aa:ab = 1:1 aa:Aa = 1:1 testcross/ backcross paternally informative 

ab x ab aa:ab:bb = 1:2:1 A_:aa = 3:1 Intercross both informative 

ab x bc ab:ac:bb:bc = 1:1:1:1 n.a. Outcross fully informative 

ab x cd ac:ad:bc:bd = 1:1:1:1 n.a. Outcross fully informative 
a For dominant markers, lower case a indicate an unknown (unobserved) allele, which may not be the same molecular allele 
in both parents. Upper case A indicate the band present allele. The outcrossed segregation type reverts back to the testcross 
or intercross configuration for dominant markers. 
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FIGURES 

 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
Figure 1. RAPD analysis of a loblolly pine segregating progeny. Haploid megagametophyte DNA 
from 14 seedlings from a loblolly pine cross were amplified by PCR using identical 10-mer primers. 
The upper white arrow indicates a clear RAPD marker  segregating approximately in a 1:1 ratio. The 
lower arrow indicates a suggestive RAPD marker. Lane 1 indicates the molecular weight standard. 
PCR products were separated in a 1% agarose gel stained with ethidium bromide. Image kindly 
provided by Dr. Henry Amerson. 
 
 
 
 
 
 
 

 
Figure 2. Segregation of microsatellite markers. DNA samples from 48 F1 progeny (lanes 2 to 49) 
from a hybrid cross between E. grandis and E. urophylla were PCR amplified using primers flanking 
the microsatellite EMBRA 03 (Brondani et al. 1998). PCR products were separated by PAGE (4 %) 
and silver stained. Column 1 contains 100 bp size standard. Image kindly provided by Dr. Dario 
Grattapaglia (EMBRAPA, Brazil). 
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Figure 3. Partial gel image of AFLP banding patterns generated in interspecific backcross progeny of 
E. grandis and E. globulus. The first lane contains the AFLP banding pattern of an F1 hybrid of E. 
grandis and E. globulus, the second lane that of the E. globulus backcross parent, and the rest of the 
lanes that of 48 backcross progeny. The AFLP gel image was captured on a model 4200 S LI-COR 
automated DNA analyzer (LI-COR, Lincoln, Nebraska). 
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Figure 4. The “two-way pseudo-testcross” approach. Two highly heterozygous individuals (P1 and 
P2) are crossed. P1 is heterozygous for the testcross markers A and C (genotypes Aa and Cc), while 
P2 is heterozygous for B and D (genotypes Bb and Dd). The reciprocal parent is homozygous for a 
“null” allele (e.g. P1 genotype is AabbCcdd), therefore all testcross markers segregate in a 1:1 ratio in 
the F1 progeny, allowing the development of single-tree genetic maps for P1 and P2. The intercross 
marker E is heterozygous (Ee) in both P1 and P2, and segregate in a 3:1 proportion in the progeny, 
allowing for the establishment of synteny between the two maps. 
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Figure 5. “Pseudo-backcross” mating design. An F1 hybrid from parental genotypes P1 (species A) 
and P2 (species B) is backcrossed to alternative parents of the two species (P3 and P4) to avoid 
inbreeding depression. In each backcross, genetic material from the other (donor) species is 
segregating in the alternative (recurrent) genetic background. 
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Figure 6. The open-pollinated (half-sib) approach. One parental individual (P1) is crossed to 
unknown individuals from the population. P1 is heterozygous for the testcross markers (e.g. Aa – 
band present), while the other unknown parents are homozygous for a “null” allele (e.g. aa – band 
absent). For conifers, the haploid megagametophyte tissue can be sampled and genotyped for the 
dominant marker allele (A), which segregates in a proportion of 1:1 in the progeny, allowing the 
development of a single-individual map for P1. By sampling the seedling megagametophyte tissue, 
the genotype detected is not confounded by the presence of the dominant marker allele (A) in the 
general population. In angiosperms, the dominant marker allele will segregate in a 1:1 ratio if the 
dominant marker allele (A) is absent or in low frequency in the population. Otherwise, the proportion 
will depart from the expected 1:1 ratio and the marker will not be useful for linkage mapping.
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Figure 7. Mapping of cinammyl-alcohol dehydrogenase (CAD) in a E. grandis backcross population 
using dHPLC. Four classes of chromatograms are identified by dHPLC analysis of CAD PCR 
amplified products from the parental genotypes and progeny (left panel), corresponding to the four 
allelic combinations in the progeny of outcrossed parents. The parental genotypes are 1-2 and 1-3, 
and the progeny segregates in the proportion of 1:1:1:1 for the genotypes 1-1, 1-2, 1-3 and 2-3. By 
analyzing the chromatograph patterns in the progeny, CAD could be mapped to linkage group 2 in 
this population (right panel). 
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Figure 8. Mapping of the physical location and transcript levels of CAD2 and RCI2. Relative 
transcript level were estimated for CAD2 and RCI2, for the progeny of a E. grandis pseudo-
backcross, and mapped as quantitative traits (full arrows). The physical location of the two genes was 
determined by genotyping the progeny for the two genes, using SSCP and dHPLC (dashed arrows). 
The transcript regulation site of RCI2 coincides with its physical location (cis-regulation). CAD2 
displays a more complex genetic architecture of gene expression regulation with three QTLs being 
identified on other genomic location that the physical location of the gene itself (trans-regulation). 
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ABSTRACT 

Eukaryotes have evolved primarily by differentially regulating a similar set of genes. However, very 

little is known about the evolution of the mechanisms of genetic control that underlie species-specific 

gene expression patterns. To analyze and compare the genetic architecture of transcript regulation in 

different genetic backgrounds of Eucalyptus, microarrays were used to determine mRNA abundance 

in the differentiating xylem of a E. grandis pseudo-backcross population (E. grandis x F1 hybrid [E. 

grandis x E. globulus]). Least-square mean estimates of transcript levels were generated for 2608 

genes in a backcross progeny of 91 individuals. The quantitative measurements of gene expression 

were mapped as eQTLs (expression QTLs) using composite and multiple interval mapping in two-

single tree genetic linkage maps (F1 hybrid paternal and E. grandis maternal). The F1 hybrid paternal 

eQTL map describes the effects on gene expression levels of the E. globulus and E. grandis alleles in 

the backcross population, and the E. grandis map describes the effect of the alleles in the pure 

species. eQTLs were identified for a total of 1067 genes in the two maps, of which 811 were located 

in the F1 hybrid paternal map, and 451 in the E. grandis maternal map. eQTLs for 195 genes mapped 

to both parental maps, the majority of which localized to non-homologous linkage groups, suggesting 

trans-regulation by different loci in the two genetic backgrounds. For 821 genes a single eQTL was 

identified, that explained up to 70% of the transcript level variation. Hotspots with co-localized 

expression QTLs for a large number of genes were identified in both maps and typically contained 

genes associated with specific metabolic and regulatory pathways, suggesting coordinated genetic 

regulation. Our work illustrates that transcript levels can be treated as quantitative traits and analyzed 

as such in a segregating progeny to unravel genetic mechanisms of transcript regulation, and to aid in 

the identification of genes controlling quantitative traits. 

INTRODUCTION 

Comparative analysis of whole-genome assemblies of yeast, animal and plant species shows that the 

morphological and developmental diversity of eukaryotes arose primarily from the differential 

regulation of a core set of genes, rather than by extensive acquisition or creation of new genes (King 

and Wilson 1975; Baltimore 2001; Levine and Tjian 2003). Differences in the regulation of gene 

expression may arise from the expansion of transcription regulatory genes, or an increase in 

complexity of regulatory sequences and protein complexes involved in transcription regulation. These 

mechanisms modify mRNA levels, while maintaining the structure and functionality of proteins. 

Phenotypic variation at the species level is also more often created by changes in gene expression 

regulation rather than through variant forms of proteins. DNA sequence variation occurs at a much 
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higher incidence in regulatory sequences than in coding regions in humans (Rockman and Wray 

2002), i.e. generating phenotypic diversity by modulating transcript levels instead of modifying 

protein properties. 

Despite the importance of gene expression variation, species diversity and evolution have 

normally been studied at the DNA sequence level because (1) methods for high-throughput, genome-

wide discovery and characterization of genetic polymorphism are available; (2) the genetic makeup of 

one individual is predictably inherited and constant within the individual and in different 

environments; and (3) the theoretical basis of population and quantitative genetics is well developed. 

The evolution of species can also be studied at the transcriptional level using genomic tools that 

assess genome-wide variation in gene expression (Schena et al. 1995; Velculescu et al. 1995). The 

genetic control and heritability of gene expression levels have been demonstrated in yeast, mice, and 

flies (Dumas et al. 2000; Karp et al. 2000; Brem et al. 2002; Wayne and Mcintyre 2002; Schadt et al. 

2003; Yvert et al. 2003), but transcriptional regulation may also be affected by non-genetic sources of 

variation, which modulate gene expression (Gibson 2003), much like a typical quantitative trait. 

The nature of gene expression variation at the individual, population, and species levels has 

recently begun to be elucidated. Oleksiak et al. (2002) found that 18% of genes were differentially 

expressed among 15 individuals from three populations of the fish genus Fundulus. However, inter-

population variation was minor, affecting the expression of only 15 genes. A comparison of gene 

expression in humans, chimpanzees and orangutans identified species-specific patterns of gene 

expression, particularly in the brain, which may reflect differences between these taxonomic groups 

(Enard et al. 2002). A similar analysis identified gene co-expression patterns that are conserved in 

humans, flies, worms and yeast, and others that are specific for different animals (Stuart et al. 2003). 

Microarrays can be used to study the genetic regulation of gene expression on a genome-wide 

scale by measuring transcript levels in a segregating progeny for which genetic maps are available. 

Gene expression data from microarrays can be analyzed as a quantitative trait using established 

quantitative genetic methods (Mackay 2001). Mapping of QTLs for gene expression (eQTLs) 

identifies the genomic regions that harbor regulatory sequences controlling the expression of a 

specific gene. In the case of cis-regulation, the genomic location of the eQTL will correspond to the 

physical location of the gene. Otherwise, the eQTL will identify a genomic region that contains a 

transcription regulator for that gene (trans-regulation). This strategy has recently been demonstrated 

in yeast, mice, humans and maize (Brem et al. 2002; Schadt et al. 2003; Yvert et al. 2003), providing 

a genome-wide overview of the genetic architecture of gene expression regulation and a 

comprehensive insight into cis- and trans-factors involved in the control of metabolic and regulatory 

pathways. 
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The genetic architecture of gene expression represents a complex genetic regulatory network. 

Understanding the number and nature of the interactions involved is one of the major problems of 

genetics. For instance, how does the genetic architecture of transcriptional regulation differ among 

individuals in a species, or between taxonomically related species? Are the genomic regions involved 

in the regulation of any given gene conserved in different genetic backgrounds, or does variation arise 

from divergence at many different regulatory loci? To contribute to these questions, we analyzed the 

genetics of transcript variation in wood forming tissues (differentiating xylem) in a wide interspecific 

cross generated from a F1 hybrid of E. grandis and E. globulus spp. globulus, backcrossed to a 

different E. grandis parent (Figure 1). 

E. grandis and E. globulus belong to the same taxonomic subgenus, Symphyomyrtus, but are 

members of different sections (Latoangulatae and Maidenaria, respectively) that diverged in the late 

Miocene-Pliocene (5-10 Mya) (Pryor and Johnson 1971; Eldridge et al. 1993; Ladiges et al. 2003). E. 

grandis occurs naturally along the subtropical region of Australia’s east coast and E. globulus is 

found in the temperate climate of Tasmania and extreme south of the Australian continent (Eldridge 

et al. 1993). The two species have contrasting wood properties and growth, which may be due to 

fixed alleles within the species. Crosses between E. grandis and E. globulus have resulted in wide 

genetic and phenotypic segregation and have been particularly suited to describe the genetic 

architecture of quantitative variation in wood quality and growth traits (Myburg et al. 2001). 

Therefore, this is an ideal cross to study the genetic architecture of gene expression variation in the 

differentiating xylem. 

This report extends a previous study where two separate single-tree genetic maps were 

generated, one paternal map describing the allelic segregation of the F1 hybrid (tree BBT01058) and a 

maternal map of the E. grandis backcross parent (tree 678.2.1) (Myburg et al. 2003). eQTL analysis 

in the F1 hybrid reflects the effects associated with the presence of the E. globulus (parent unknown) 

or the E. grandis (tree G50) allele in backcross individuals (Figure 1), revealing species 

differentiation in the regulation of gene expression in wood forming tissues. eQTLs reported for the 

E. grandis (678.2.1) backcross parent reflect differences in the genetic regulation of gene expression 

in the pure species. Synteny between the F1 hybrid maternal and the E. grandis paternal maps allows 

the comparison of the genetic architecture of gene expression of specific genes in different genetic 

backgrounds. Transcript level estimates measured for 2608 genes in the 91 segregating progeny were 

mapped as eQTLs in the two paternal maps to identify the cis- or trans-acting loci that regulate the 

transcript level variation. This approach identified eQTLs for 1067 genes and suggests that the 

genetic control of transcript levels is modulated by variation at different regulatory loci, in different 

genetic backgrounds. 
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MATERIALS AND METHODS 

Plant material and tissue collection 

Ninety-one individuals from the E. grandis backcross mapping population (Figure 1) used to 

construct the F1 hybrid (E. grandis [genotype G50] x E. globulus [unknown parent]) paternal and E. 

grandis (genotype 678.2.1) maternal maps (Myburg et al. 2003), were cloned and planted on a single 

field plot near Paysandú (Uruguay), by Forestal Oriental S.A.. Differentiating xylem was collected 

from the first two meters of the entire stem circumference of one ramet of each clone, when the trees 

were 20 months old. Tissue collection occurred at the peak of the growth season, and was restricted to 

two consecutive days to minimize environmental variation. 

RNA preparation, labeling and hybridization 

The differentiating xylem tissue was stored in RNAlater solution (Ambion Inc.) until RNA extraction 

(Chang et al. 1993) and purification on RNAeasy Plant Mini Kit (Qiagen) columns. Labeling was 

carried out with Cy3 and Cy5 dyes according to the aminoallyl method (Hegde et al. 2000), after 

first-strand cDNA synthesis with SuperScript II (Life Technologies). After hybridization (20 hours at 

42°C) and high stringency washes, the slides were scanned with a ScanArray 4000 Microarray 

Analysis System scanner (Packard Bioscience). Images were processed using QuantArray software 

(Packard Bioscience). The raw intensity microarray data is deposited in the Gene Expression 

Omnibus (GEO) database, under the accession numbers GPL348 (Platform), GSM7637-GSM7727 

(Sample) and GSE502 (Series). 

Microarray design 

cDNAs included in the microarray were selected from a unigene set derived from approximately 

14,000 ESTs sequenced from five cDNA libraries from E. grandis (differentiating xylem, juvenile 

and adult leaf, petiole and root) and two libraries from E. tereticornis (flower). EST sequences were 

annotated based on similarity (BLASTX E-value < 1E-5) to the latest version of Arabidopsis thaliana 

predicted protein sequences (ftp://ftpmips.gsf.de/cress/arabiprot/) and were functionally classified 

according to the Gene Ontology Consortium (Ashburner et al. 2000). The microarray comprised 2608 

cDNAs that included the unigene set derived from the differentiating xylem cDNA library (555 

cDNAs) and ESTs annotated in the following functional categories: cell wall organization and 

biogenesis (GO:0007047, 117 cDNAs), cytoskeleton organization and biogenesis (GO:0007010, 91 

cDNAs), secondary metabolism (GO:0009699, 187 cDNAs), protein targeting (GO:0006605, 764 

cDNAs), cell communication and signal transduction (GO:0007154, GO:0007165; 514 cDNAs), 

Genetic Architecture of Transcript Level Variation in Differentiating Xylem of Eucalyptus 80



stress response and defense response (GO:0006950, GO:0006952, 441 cDNAs), amino acid 

metabolism (GO:0006520, 166 cDNAs), nitrogen and sulphur metabolism (GO:0006807, 

GO:0006790, 69 cDNAs), nucleotide metabolism (GO:0009117, 113 cDNAs), phosphate metabolism 

(GO:0006796, 134 cDNAs), c-compound and carbohydrate metabolism (GO:0005975, GO:0006730, 

387 cDNAs), cell growth, division and DNA synthesis (GO:0007049, GO:0006259, 262 cDNAs), 

mRNA transcription (GO:0009299, 333 cDNAs), protein biosynthesis (GO:0006412, 182 cDNAs), 

transport (GO:0006810, 231 cDNAs) and energy pathways (GO:0006091, 335 cDNAs). Gene 

Ontology functional categories overlap and therefore many genes are classified into more than one 

category. Considering the annotation of the Arabidopsis predicted protein sequences, the minimum 

number of unique features in the cDNA microarray is estimated to be approximately 2,000. cDNA 

sequences are deposited in GenBank (GenBank accession numbers: CB967505 - CB968059, 

CD667988 - CD670002, CD670004, CD670097, CD670101 - CD670112, CD670114 - CD670137). 

cDNA clones were amplified by PCR, purified in Multiscreen 96-well filtration plates (Millipore), 

screened for quality in agarose gels and printed in duplicate on aminosilane-coated glass slides 

(Corning) using an Affymetrix 417 Spotter. 

Microarray experimental design and statistical analysis 

The experiment followed a loop design (Churchill 2002) to maximize the number of sampled meioses 

and increase the power of detection of eQTLs, while biologically replicating each sample twice (once 

labeled with Cy3, once with Cy5). A design based on a reference sample was avoided because it 

would have doubled the experiment size without contributing with additional recombination 

information. Analysis was carried out using two interconnected ANOVA models, as described 

previously (Jin et al. 2001; Wolfinger et al. 2001), using PROC MIXED in SAS (SAS Institute, Cary, 

NC). The normalization ANOVA model yijk=µ+Ai+Dj+Pk+(AxD)ij+(AxP)ik+(DxP)jk+(AxDxP)ijk+εijk 

was used to account for systematic (experiment-wide) sources of variation associated with array (Ai, 

df = 90, random effect), dye (Dj, df = 1, fixed effect) and pin effects (Pk, df = 3, fixed effect), and 

interactions. The residuals were treated as normalized values and analyzed in an ANOVA model 

(gene model), where the effect of the tree genotypes was evaluated for each gene individually: 

rilm=µ+Ai+N(A)l(i)+Tm+εilm. Tm (df = 90, fixed effect) represents the effect of the individual tree, or 

genotype, on the expression of every gene, from which least-square means estimates were calculated. 

Array (Ai, df = 90, random effect) was included in the model to control for spot effect (Jin et al. 2001; 

Wolfinger et al. 2001). Each spot printed on one array, for one specific gene, may contain features 

that are unique (DNA concentration, for instance) relative to the same spot for that same gene, printed 

on a different slide. Because two different sample mRNAs (one labeled with Cy3 and the other with 
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Cy5) are hybridized to the same slide, the array effect is included to account for covariation between 

the two samples because they are hybridized to the same spots. Finally, N(A)l(i) (df = 91, random 

effect) accounts for the spot replication within slides. Failure to account for spot replication results in 

an artificial inflation of the significances, because they don’t represent true “biological replicates” 

(not independently labeled and hybridized RNA samples) (Jin et al. 2001; Churchill 2002). 

Interactions between biological (e.g. tree genotype) and technical effects (e.g. array) were evaluated 

in a complete model and were not found to be significant. Residuals were visually inspected using 

JMP (SAS Institute, Cary, NC) to confirm that consistency of error variances and normality of error 

terms were obtained. 

eQTL detection 

Least-square means estimates of transcript levels, calculated for each individual and cDNA, and the 

framework marker data of the F1 hybrid paternal and E. grandis maternal maps (Myburg et al. 2003) 

were used for separate, genome-wide eQTL detection scans using QTL Cartographer (Basten et al. 

2003). Composite interval mapping (CIM) (Zeng 1993; Zeng 1994), i.e. model 6 of the Zmapqtl 

module of QTL Cartographer, was used for eQTL detection. Likelihood ratio (LR) profiles (–2 

ln(L0/L1)), representing the ratio of the likelihood of the null hypothesis (L0, no eQTL in the marker 

interval) to the alternative hypothesis (L1, presence of a eQTL in the marker interval) were generated 

for each gene at every 2 cM intervals of the parental maps. Epistatic interactions were evaluated using 

multiple interval mapping (MIM) (Kao et al. 1999) in a model with a maximum number of three 

eQTLs. The complete results of the eQTL analysis can be found at  

http://statgen.ncsu.edu/matias/thesis_appendices. Empirical LR thresholds were determined for a set 

of 20 genes by randomly permuting the trait values among marker genotypes 500 times and recording 

the highest LR peak produced in each random data set, using the same QTL detection parameters 

described above (Churchill and Doerge 1994; Doerge and Churchill 1996). The empirical threshold 

for an experimentwise Type I error rate of 0.01, 0.05 and 0.1 were determined by recording the 5th, 

25th and 50th ranked LR of 500 random permutations. The least conservative LR threshold found was 

used for all the genes. 

RESULTS 

Linkage maps 

Gene expression QTLs were mapped onto two single-tree genetic maps (F1 hybrid [genotype 

BBT01058] and E. grandis [genotype 678.2.1]) generated previously by genotyping 156 individuals 

from the E. grandis backcross population with 803 polymorphic AFLP fragments (Myburg et al. 
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2003). Framework markers were selected to obtain an average spacing of ~ 10 cM, and comprise 138 

AFLP fragments mapped to 12 major linkage groups in the E. grandis maternal map and 169 

fragments mapped in 11 linkage groups in the F1 hybrid paternal map. The two maps were aligned 

and synteny was established among linkage groups based on dominant intercross markers, i.e. 

markers inherited as heterozygotes from the F1 hybrid and E. grandis parents, segregating in a 3:1 

ratio in the progeny. 

eQTL detection 

Of the 2608 elements represented in the cDNA microarray, 1373 (53%) were identified as 

differentially expressed in the backcross progeny after a Bonferroni correction for 2608 tests 

(experimentwise α = 0.05), reflecting the wide segregation of the mapping population. Every gene 

was evaluated for the presence of eQTLs, even when no significant difference in expression was 

detected among the backcross progeny, as suggested previously (Brem et al. 2002; Schadt et al. 

2003). Threshold log-likelihood ratios (LR) of 11, 12 and 13 were used to obtain an experimentwise 

alpha of 10%, 5% and 1%, respectively, based on permutation tests (Churchill and Doerge 1994; 

Doerge and Churchill 1996). Results reported refer to a LR threshold of 11, unless stated otherwise.  

Number and distribution of eQTLs 

A total of 1655 eQTLs were detected in both maps, for 1067 genes (41%). Of these, 608 had been 

identified as differentially expressed in the progeny. eQTLs were identified for 811 genes (31%) in 

the F1 hybrid paternal (maximum LR = 103), and 451 genes (17%) in the E. grandis maternal genetic 

maps (maximum LR = 90), using the least stringent criterium for eQTL identification in this study 

(LR > 11). For 195 genes, eQTLs were detected in both maps. At the highest stringency (LR > 13), 

the number of eQTLs identified decreased to 483 (19%) and 228 (9%), for the F1 hybrid paternal and 

E. grandis maternal maps, respectively. The maximum LR detected for each of the 2608 genes has a 

skewed distribution with a median and upper quartile of 9.3 and 11.8 for the F1 hybrid paternal, and 

7.8 and 10.0 for the E. grandis maternal mapping set (Figure 2A). As observed in previous QTL 

studies in this pedigree (Myburg 2001), eQTLs were more readily identified in the highly 

heterogeneous genetic background of the F1 hybrid, relative to the pure species (E. grandis). 

Genetic architecture 

A total of 821 genes displayed a simple genetic architecture for transcript level variation, with a 

single eQTL being detected in 73% of the cases where they could be identified in the F1 hybrid 

paternal, and 81% in the E. grandis maternal map (Figure 2B). More complex patterns were detected 

in 246 genes, for both maps. For example, four eQTLs were detected for a putative serine 
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carboxypeptidase (EST CD668599) in the E. grandis map. Three genes displayed five eQTLs in the 

F1 hybrid map, an unknown and a putative protein (ESTs CD668546 and CB967788), and a 

translation elongation factor eEF-1 alpha chain (EST CB967966). 

Additive effects, direction, and proportion of the phenotypic variation explained 

The marker data in the F1 hybrid paternal map were recoded so that the genotype at each marker was 

associated with the presence of the E. globulus (unknown parent) or absence of E. grandis (G50) 

alleles (Myburg 2001). Therefore, the direction of eQTL effects indicates the effect on transcript 

abundance associated with the substitution of the E. grandis eQTL allele with the E. globulus eQTL 

allele in the E. grandis backcross population. Estimates of additive effects reported by QTL 

Cartographer for the F1 hybrid paternal map ranged from a 1.74 fold-change for a protein phosphatase 

(EST CD668452) (negative effect) to a 2.5 fold-change for a low temperature and salt responsive 

protein LTI6B (EST CD669389) (positive effect). The eQTL for LTI6B explains 70% of the 

transcript abundance variation in the progeny, the largest proportion explained for any gene (Figure 

2C). Analysis of the direction of eQTL effects in the E. grandis maternal map is arbitrary for each 

linkage group and, therefore, no inferences can be made about the grandparent origin of the eQTL 

alleles. For the E. grandis maternal map, the maximum additive effect was 2.4 fold-change for a 

putative protein (EST CD668860). The eQTL explained 68% of the phenotypic variation in transcript 

variation measured in the progeny (Figure 2C). 

Homology of eQTLs detected in the parental maps 

eQTLs could be identified in both parental maps for 195 genes (LR > 11). Synteny between the 

linkage groups from the two parental maps was inferred from intercross AFLP markers shared 

between the parents of the F1 hybrid and the E. grandis (678.2.1) trees (Myburg et al. 2003), and was 

used to evaluate homology between the genomic location of eQTLs in both maps. For the 195 genes 

for which eQTLs could be identified in the two parental maps, only 13 had significant eQTLs 

localized in homologous linkage groups, and did overlap to a certain extent. Considering a minimum 

LR of 13, the number of genes with eQTLs in both maps was 62, of which only six had eQTLs in 

homologous linkage groups. Variation in recombination rates throughout the genome of both parental 

trees does not allow a definitive comparison of eQTL genomic locations, but suggests that for these 

genes transcription regulation is associated with the same genomic regions, although they could be 

regulated by different closely linked loci. 
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Epistatic interaction 

Epistasis was evaluated using multiple interval mapping (Kao et al. 1999). Significant interactions 

were identified for 310 genes in the F1 hybrid paternal map and 285 genes in the E. grandis maternal 

map. Epistatic interactions explained up to 62% (EST CD668647, a mitochondrial elongation factor) 

and 69% (EST CD668243, acetolactate synthase) of the transcript level variation in the backcross 

population. For 19 genes in the F1 hybrid paternal and 35 in the E. grandis maternal map, the epistatic 

interactions explained a higher proportion of the transcript level variation than the estimated additive 

effect of the interacting eQTLs. 

Genomic distribution of eQTLs 

The total length of the E. grandis and the F1 hybrid maps were estimated to be 1335 and 1448 cMs, 

respectively (Myburg 2001). If eQTLs were evenly distributed, they would be detected on average 

every 2 to 3 cM in both maps. Instead, eQTLs were clustered in certain genomic regions of both the 

F1 hybrid paternal and E. grandis maternal maps (Figure 3). Hotspots containing eQTLs for ten or 

more genes were identified in 18 genomic regions of the F1 hybrid paternal map, dispersed 

throughout most linkage groups, with the exception of LG2, 3, and 11. A major cluster containing 

eight hotspots was identified on LG8, and the largest hotspot, with eQTLs for 116 genes, was located 

on LG9. eQTL hotspots were identified at a lower frequency in the E. grandis maternal map, where 

only five genomic regions located in LG 1, 3 and 12 contained QTLs for transcript levels of ten genes 

or more. 

Direction of effects in eQTL hotspot 

The general direction of effects in eQTL hotspots was evaluated in the F1 hybrid paternal map. 

Hotspots containing eQTLs with effects predominantly on one direction suggest a genetic locus that 

affects a large number of genes in the same way and may be associated with differences in wood or 

growth characteristics between E. grandis and E. globulus. The proportion of genes with positive and 

negative eQTLs effects at each hotspot were contrasted using a chi-square test. Nine hotspots had a 

significantly higher proportion of eQTLs with either positive or negative effect, at a level of 0.01 

(Table 1), of which five were mostly of positive and four of negative effect. Six of the eight eQTL 

hotspots that were clustered in LG 8 had effects on both directions. Hotspots could be due to gene-

rich regions or single or few genes regulating gene expression of a large number of genes (such as 

general transcription regulators). Many hotspots included a number of genes coding for enzymes of 

specific metabolic pathways, suggesting that some loci regulate the pathway as a whole (Table 1). 
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DISCUSSION 

The quantitative control of expression of 2608 genes was analyzed in an E. grandis backcross 

progeny, generated by mating an F1 hybrid of E. grandis and E. globulus, to an unrelated E. grandis 

tree. A small progeny population was used in this study (91 individuals) implying that some eQTLs 

may have been missed, or their effect overestimated (Beavis 1997). The high environmental variation 

in tree plantations may also lower the power of detection of eQTLs. Despite these limitations, it was 

possible to identify eQTLs for more than 40% of the genes represented in the cDNA microarray, in 

both genetic maps. Distribution of eQTLs was not random, as would have been expected by chance. 

Instead, many eQTLs were clustered in specific genomic regions. The high genetic diversity and the 

contrasting phenotypic characteristics of wood (differentiating xylem) from E. globulus and E. 

grandis (Myburg 2001) translated into wide segregation of gene expression in the xylem of the 

progeny, and significant differences in gene expression were identified for more than half of the 

genes in the cDNA microarray. 

Detecting QTLs for gene expression in two genetic maps identified, for 195 genes, the 

genetic loci that regulate quantitative variation in mRNA abundance, in both the F1 hybrid (E. grandis 

x E. globulus) and in the E. grandis genetic backgrounds. Because synteny had been previously 

established (Myburg et al. 2003), it was possible to evaluate whether homologous genomic regions 

were involved in regulation of expression of the same genes. eQTLs for only 13 out of 195 genes 

could be identified in both parental homologs. The proportion of genes with eQTLs in homologous 

linkage groups was similar when a higher likelihood ratio (LR > 13) was considered as a threshold for 

eQTL detection. Lack of conservation of the genetic architecture of gene expression regulation in 

different genetic backgrounds suggests that many different genetic loci could be involved in 

modulation of transcription of these genes, and that there is a complex and variable network of gene 

expression control. Mapping of eQTLs to non-homologous chromosomes in different genetic 

backgrounds also suggests that variation in the regulation of gene expression is predominantly in 

trans-acting loci. The complete genome sequence of Eucalyptus is not available and therefore only 

limited inferences can be made about whether the eQTLs identified correspond to the physical 

location of the gene (cis-regulation) or the genetic loci of its trans-regulator. Some of the genes 

represented in the cDNA microarray have been genetically mapped in the E. grandis backcross 

population and examples of cis- and trans- regulation have been identified (Figure 4). However, if 

most of the transcript level regulation occurred in cis-, a high level of homology between the genetic 

location of eQTLs would have been expected. In yeast, only 25% of the genes for which eQTLs were 

identified, co-localized to the position of the eQTL (Brem et al. 2002). The developmental, 

morphological and behavioral complexity of higher, multicellular eukaryotes is believed to have 
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arisen as a result of more elaborate regulation of gene expression through the means of a larger set of 

transcription regulators, and more sophisticated DNA and protein regulatory complexes (Levine and 

Tjian 2003). Therefore, a large proportion of genes in higher plants may display more complex 

patterns of trans-regulation. Furthermore, it is important to note that in this study, we were only able 

to detect those regulatory loci that are diverged between the two parental species (heterozygous in the 

F1 hybrid), or those that are heterozygous in the E. grandis backcross parent. 

Interactions among multiple segregating genetic loci also appear to play an important role in 

the control of gene expression in this experimental population, considering that epistasis was 

identified for 310 genes in the F1 hybrid paternal, and 285 in the E. grandis maternal maps. A higher 

proportion of the transcript level variation was frequently explained by the epistatic interactions than 

by the estimated additive effects of the interacting loci. Transcription is normally initiated with the 

interaction of the RNA polymerase with the gene’s promoter, supported by a complex of upstream 

factors, co-activators and repressors and other types of transcription factors. In eukaryotes, upstream 

transcription factors often bind as homo- or heterodimers. Interaction between multiple genetic loci, 

representing different transcription regulators, may be important for genetic control of gene 

expression as many of these regulators act in combination to modulate transcription. Numerous other 

opportunities occur for the modification of mRNA levels before and after initiation of transcription 

and many could involve multiple loci interacting epistatically rather than additively. 

eQTLs identified in this study were in many cases clustered in specific genomic regions, or 

eQTL hotspots, as observed previously in yeast and mouse (Brem et al. 2002; Schadt et al. 2003; 

Yvert et al. 2003). eQTL hotspots may represent gene rich regions, or the genetic loci of  

transcription regulators that controls a large set of genes. For certain metabolic or regulatory 

pathways, mapping of transcript level variation may identify the genetic loci that control of the flux 

through the pathway. Functional annotation of the genes in the cDNA microarray identified 

functional relationships among genes represented by eQTLs in several hotspots, as observed 

previously in yeast (Brem et al. 2002). One hotspot identified on LG 4 of the F1 hybrid paternal map 

contains mostly eQTLs for genes involved in lignin biosynthesis, the second most abundant 

component of the cell wall. The ability to identify eQTL clusters or eQTL hotspots related to specific 

metabolic functions may be dependent on the stringency of the genetic regulation of expression of 

genes in specific pathways. The phenylpropanoid pathway and lignin biosynthesis may require such 

control, as accumulation of some pathway intermediates are toxic to the cell, requiring in immediate 

response by other genes in the pathway, or by other pathways, to either process or secrete these 

compounds. Other metabolic and regulatory pathways may not be under such mechanisms of control 

and the genetic regulation of a network of genes may not be distinguishable. 
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The high incidence of eQTL hotspots in some locations may be partially biased, because the 

genes included here were selected to include specific functional categories (related to wood 

formation). A similar analysis with a microarray comprising cDNAs representing all the functional 

genes of Eucalyptus would most likely identify additional hotspots in other genomic regions. 

This study provided a comprehensive map of the genetic loci that regulate many genes involved 

in biosynthesis of components of the secondary wall in the differentiating xylem of Eucalyptus. 

Analysis of the genetic architecture of genes involved in wood formation is also a powerful tool for 

identification of candidate genes for quantitative traits of commercial and biological interest, when 

combined with phenotypic data (Schadt et al. 2003). Co-localization of eQTLs and QTLs for 

traditional quantitative traits such as wood density and growth suggests candidate genes for further 

analysis. The concept is similar to the approach of mapping genes of metabolic or regulatory 

pathways that are potential candidates for regulation of quantitative variation in complex traits. This 

strategy has in some cases been able to identify genes that co-localize with QTLs in forestry, but this 

association may be fortuitous because QTLs typically span large genomic regions (20-30 cM) and 

many genes are tested (Gion et al. 2000; Brown et al. 2003). Identification of co-localized gene 

expression (eQTLs) and trait QTLs may be more informative, because only genes transcribed in the 

tissue of interest and differentially expressed between parental strains are identified. The 

identification of co-localized gene expression and phenotypic QTLs can be supported by the analysis 

of correlation between transcript level and phenotype for positional candidates (genes whose eQTL 

overlaps to the phenotypic QTL). Gene expression levels measured by microarrays could account for 

genetic sources of variation associated with additive, dominance and epistatic effects, as well as non-

genetic sources of variation, such as environmental. Therefore, there may be a higher association 

between transcript level variation and phenotypic variation in quantitative traits, than that between 

genetic variation (genetic markers) and phenotype, which is explored by QTL analysis. This higher 

association may be useful to distinguish a specific genes that controls a quantitative trait from other 

positional candidates. 
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Table 1 

Unidirectional eQTL hotspots identified in the F1 hybrid paternal map and major functional 

categories represented. 

Number of 

genes 

Major functional 

category 

Linkage 

group 

Direction of 

effect 

16 Unknown 1 positive 

16 lignin biosynthesis 4 positive 

27 mRNA transcription 5 negative 

25 stress response 7 negative 

103 carbohydrate metabolism 8 negative 

85 carbohydrate metabolism 8 negative 

116 carbohydrate metabolism 9 positive 

34 stress response 10 positive 

27 carbohydrate metabolism 10 positive 
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Figure 1. Mating design of the E. grandis pseudo-backcross mapping population. One homologous 
chromosome pair is represented for each genotype. Two separate single-tree genetic maps were 
generated for each backcross parent, E. grandis (678.2.1) and the F1 hybrid (BBT01058). F1 hybrid 
parental alleles can be followed in the E. grandis backcross progeny based on testcross markers 
inherited from either one of the two parents of the hybrid (E. grandis [black segments] or E. globulus 
[white segments]). 
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Figure 2. Frequency distribution of eQTLs. (A) Distribution of the maximum likelihood ratios 
detected for each gene in the F1 hybrid and E. grandis map. (B) Number of eQTLs detected per gene. 
(C) Proportion of the phenotypic variation explained by the most significant eQTL identified for each 
gene. 
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Figure 3. Number and direction of eQTLs identified in every 2 cM of the F1 hybrid (A) and E. 
grandis (B) parental maps. The location of the highest LR was recorded for each gene for which a 
eQTL with LR > 11 was detected. 
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Figure 4. Cis- and trans-acting regulation of gene expression. LR profiles generated by composite 
interval mapping in the F1 hybrid paternal map. The arrows indicate the genetic location of the S-
adenosyl-methionine synthase gene(SAMS, CB967747) and the coniferaldehyde 5-hydroxylase (F5H, 
CD669804) gene. The eQTL profile of SAMS (LR profile = gray line) indicates cis-regulation of this 
gene, while the eQTL profile of F5H (LR = black line) suggests trans-regulation by multiple loci. 
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ABSTRACT 

We propose a strategy for the identification of candidate genes for quantitative traits that combines 

information from microarrays and QTL analysis, and demonstrate its application to wood density in 

Eucalyptus. Gene expression profiles from wood forming tissues were generated for 91 individuals 

from a Eucalyptus backcross family, allowing the identification of the Eucalyptus homologue of the 

Arabidopsis RCI2 gene as highly differentially expressed between alternative wood density QTL 

genotypes. RCI2 transcript variation, the RCI2 gene itself, and a major wood density QTL map to the 

same location. RCI2 transcript level predicts about ¼ of the phenotypic variation in wood density, 

twice the variation explained by the QTL, suggesting that transcript measurements include 

developmental and environmental components of variance affecting the trait. This approach may be 

useful to identify novel candidate genes associated with other QTLs and traits, such as human 

diseases with low heritability, and verifies the power of genomic approaches for recalcitrant species. 

INTRODUCTION 

The identification of genes that determine quantitative traits has been largely dependent on the 

association between genotypic and phenotypic variation (Mackay and Langley 1990; Paterson et al. 

1990; Paterson et al. 1991; Stuber et al. 1992). Strategies such as positional cloning (Alpert and 

Tanksley 1996) and transposon tagging (Doebley et al., 1997) have been used to identify genes 

underlying QTLs, but the number of applications has been limited (Flint and Mott 2001; Korstanje 

and Paigen 2002; Morgante and Salamini 2003). Genome-wide analysis of gene expression by 

microarrays (Schena et al. 1995) can greatly extend the quantitative genetics (QTL) paradigm by 

providing information about an intermediate step between genotype and phenotype (Figure 1). 

Transcript abundance may be a better predictor of phenotype because a gene’s transcript level could 

characterize not only genotypic, but also developmental and environmental sources of variation (Jin 

et al. 2001; Gibson 2003). These sources represent part of the phenotypic variation unexplained by 

the genetic component, particularly among traits with moderate or low heritability. 

Genetic maps and QTL information can be used to identify genes associated with quantitative 

variation through the detection of differential transcript abundance between individuals inheriting 

alternative QTL genotypes in a segregating population (Jansen and Nap 2001; Schadt et al. 2003). 

Genes differentially expressed can be the result of genetic variation in or near the QTL interval or 

downstream effects on the regulation of genes located anywhere in the genome. One might expect 

associations of gene expression with a QTL allele simply due to linkage. Correlation of gene 

expression data and phenotypic variation, on the other hand, is more likely to identify genes that are 
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directly associated with the trait variation (Figure 1). The merging of QTL information, gene 

expression and phenotypic data should more readily identify genes that directly determine 

quantitative trait variation. 

We have applied these methods to the study of an elite Eucalyptus F1 hybrid, of E. grandis 

and E. globulus. E. globulus has high wood quality and E. grandis has superior growth. Analysis of 

the progeny of the F1 hybrid is of special interest because it allows dissection of the genetic 

architecture and molecular mechanisms for both quantitative traits. We combined the information 

from genotypic, phenotypic and gene expression data to identify candidate genes for wood density 

QTLs in this Eucalyptus family. Signal intensity measured on microarrays was used as a quantitative 

indicator of gene expression variation, estimated through traditional methods of quantitative analysis 

(Kerr et al. 2000; Jin et al. 2001; Wolfinger et al. 2001). We identified a gene that is differentially 

expressed in individuals that inherited alternative alleles of a QTL for wood density and whose 

expression is highly correlated to the trait variation in this Eucalyptus family. 

RESULTS 

The purpose of this study was to identify candidate genes affecting wood density in Eucalyptus. To 

do this we sampled differentiating xylem from an interspecific backcross family of E. grandis and E. 

globulus and profiled the gene expression of the segregating progeny using microarrays. The 

microarray data were analyzed by identifying association between transcript abundance and genotypic 

variation at a QTL for wood density. Genes whose mRNA levels were significantly associated with 

the QTL genotype were then tested for correlation with phenotypic variation. 

Pedigree and genetic mapping 

We previously analyzed the allelic segregation of a Eucalyptus F1 hybrid (Myburg et al. 2003) (E. 

grandis [tree G50] X E. globulus [pollen mix]) backcrossed to an unrelated E. grandis individual (tree 

678.2.1) (Figure 2). A progeny set of 186 individuals was genotyped for 803 AFLP markers and the 

parental genotype of each AFLP marker was determined. Two separate single-tree linkage maps, a 

paternal map describing the allelic segregation of the F1 hybrid and a maternal map of the E. grandis 

backcross parent, were generated. Graphical genotypes allow us to follow the segregation of F1 

hybrid parental alleles in the backcross population. Graphical genotypes for chromosome 9 are shown 

(Figure 3). 

Wood density QTLs 

The progeny of the backcross (BC) population were characterized for wood density by collecting 

wood discs at 1.3 m height at age 2. Three significant QTLs were identified on the F1 hybrid (paternal) 
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map (Myburg 2001). Epistatic interactions were not found between these QTLs, and no significant 

QTL for wood density was detected in the maternal map. The most significant QTL for wood density 

was located near the AFLP markers aag/ctg-103f (74.8 centimorgans [cM]) and aag/ccg-444f-s (82.1 

cM), with two major peaks at 79 and 84 cM of linkage group 9 (LG 9) of the paternal map (Figure 4). 

The additive effect of this QTL was estimated to be 24.7 kg/m3, representing 0.67 phenotypic 

standard deviations, with a highly significant likelihood ratio (LR) of 40 (genome-wide α = 0.01). 

The QTL explains 11% of the total phenotypic variation (Myburg 2001). A subset of 91 individuals 

from this mapping population was clonally propagated and planted on a similar site as the original 

population. During the second growth season differentiating xylem and wood discs were collected 

from each tree for determination of individual transcript profiles and wood density characteristics. 

Quantitative genetic analysis of this population confirmed the location and magnitude of the wood 

density QTL located in LG9 of the original mapping population. 

Differential gene expression between alternative QTL genotypes 

To identify genes differentially expressed among individuals that inherited the two alternative forms 

of the wood density QTL, we used two interconnected ANOVA models (Jin et al. 2001; Wolfinger et 

al. 2001) in the analysis of the microarray data. Experiment-wide sources of variation associated with 

slide, dye and pin effects were accounted for in the normalization ANOVA model. The residuals, 

representing normalized values, were used in a second ANOVA where the QTL effect was estimated 

for each gene. Individuals were considered to be of one of two QTL genotypes when inheriting the 

two allele markers within the QTL region derived from either one of the Eucalyptus F1 hybrid parents 

(E. grandis [tree G50] or E. globulus [unknown parent in the pollen mix]) (Figure 3). Thus, 

individuals with a specific QTL genotype share a common genomic region (QTL), but otherwise have 

a segregating genetic background. This analysis involves extensive replication of the E. grandis (tree 

G50) and E. globulus (pollen mix) QTL alleles, where each individual within a genotypic class 

represents one replicate. We identified 42 genes that showed highly significant differences in 

transcript abundance between QTL genotypes. A Bonferroni correction was initially applied 

(individual test significance threshold of 0.00002, experimentwise α = 0.05), but is likely to be too 

conservative considering the highly structured nature of gene expression data. Because our goal was 

to identify a subset of genes for further analysis, we extended the initial selection based on a 

Bonferroni threshold (15 genes) to include those differentially expressed at an arbitrary level (0.001), 

as suggested previously (Jin et al. 2001). For the complete list of genes, see 

http://statgen.ncsu.edu/mkirst/thesis_appendices. These genes could represent: [1] gene(s) that affect 
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wood density; [2] genes located in or linked to the QTL interval, but unrelated to the trait; or [3] 

downstream effects of those genes. 

Gene expression and wood density association 

The genes identified above were all associated by mRNA abundance to the wood density QTL region. 

To confirm their status as candidate genes, we tested whether they displayed a significant correlation 

with the phenotypic variation. Normalized quantitative measures of transcript levels were estimated 

previously for each individual tree and each gene by least-square means, and wood density was 

measured by taking the oven-dried weight and green (maximum water saturated) volume of the wood 

discs taken at breast height. The correlation provides an estimate of the association between wood 

density and gene transcript levels in the progeny and was evaluated for the genes previously 

associated with the QTL genotype. Most genes exhibited a moderate to marginally significant 

correlation between mRNA levels and wood density variation in the progeny 

(http://statgen.ncsu.edu/mkirst/thesis_appendices and Figure 5). Surprisingly, one gene, represented 

by three cDNAs (ESTs CD669389, CD668637 and CD668691), displayed a much higher correlation 

than expected by the QTL effect, three orders of magnitude more significant than the other candidates 

(Figures 5 and 6). All three cDNAs were putative homologues of RCI2 from Arabidopsis. The 

correlation (R2) indicates that this gene’s mRNA level variation explains 23 to 28% of the phenotypic 

variation in wood density observed in this family, which is approximately twice that explained by the 

QTL detected on that genomic region (11%). 

Gene expression and genetic mapping of RCI2 

We next mapped the site regulating the variation in RCI2 expression. The variation in expression 

inferred from the microarrays could be treated as a quantitative trait and therefore should co-localize 

with the wood density QTL when subjected to the same QTL detection approach. The least square 

mean estimates obtained for the three cDNAs representing the Eucalyptus RCI2 homologue were 

used as quantitative estimators of the gene transcript levels. The framework marker data of the two 

parental maps were used for separate, genome-wide QTL detection scans, using composite interval 

mapping (CIM) (Zeng 1993; Zeng 1994) in the QTL Cartographer software suite (Basten et al. 2003), 

as described elsewhere (Myburg 2001). One highly significant QTL peak (LR > 60) was identified on 

LG 9 of the paternal map, overlapping the wood density QTL region identified previously (Figure 4). 

This result is consistent with the previous identification of the Eucalyptus homologue of RCI2 as 

differentially expressed between the Eucalyptus QTL genotypes. No additional significant QTL was 

Quantitative Analysis of Microarray Profiles and Wood Property QTLs Identifies Candidate Genes in Eucalyptus 101



identified for this gene, implying that this locus explains the majority of the RCI2 transcript level 

variation observed in the progeny. 

The variation in mRNA levels observed for Eucalyptus RCI2 can be due to either cis- or 

trans-acting factors. To distinguish between these alternatives, we mapped the RCI2 locus by 

genotyping 160 individuals from the original mapping population using single strand conformation 

polymorphism (SSCP). The RCI2 gene was mapped to LG 9 of both the maternal map (E. grandis 

678.2.1) and paternal map (F1 hybrid BBT01058), where it overlaps to the location of the wood 

density QTL (Figure 4). Therefore, the genetic co-localization of RCI2 with the gene expression QTL 

and wood density QTL region supports the model of direct action. Further genetic tests are necessary 

to rule out that RCI2 transcript level is regulated by a closely linked locus. 

DISCUSSION 

Gene expression profiles from 91 progeny of a E. grandis backcross family were combined with 

genetic map and QTL information to identify genes associated with wood density variation. Although 

we analyzed only 2608 cDNAs, we maximized the chance of finding genes associated with wood 

density by selecting candidates related to cell wall formation and by collecting tissue during the peak 

of wood biogenesis. RCI2, whose variation in expression explains 23 to 28% of the phenotypic 

variation in basic wood density in this family, was identified. Genetic mapping of RCI2 and mapping 

of the transcript abundance as a QTL revealed co-localization with a previously identified wood 

density QTL. RCI2 is highly conserved in higher plants (Medina et al. 2001). It was initially 

described in Arabidopsis in relation to freezing tolerance (Capel et al. 1997), a process associated 

with cell wall remodeling. It is expressed specifically in vascular tissue, particularly protoxylem cells, 

of fully-developed Arabidopsis stems, and it is predicted to be located in the plasma membrane 

(Medina et al. 2001). The yeast homologue of RCI2, PMP3, is involved in regulation of membrane 

potential (Navarre and Goffeau 2000; Nylander et al. 2001). Localization, expression and the putative 

molecular function of RCI2 suggests that it affects the formation of the wood cell wall and 

consequently, wood density. 

The proportion of the phenotypic variation for wood density explained by the expression of 

RCI2, 23 to 28%, was twice that estimated by the QTL effect (~11%). This result indicates that 

transcript abundance of RCI2 is more strongly associated with the wood density phenotype than 

genetic markers. Alternatively, a QTL might be overestimated, when detected in a relatively small 

population (Beavis 1997). Transcript levels may represent the phenotype more closely than genotype 

because they could include a major component of environmental and developmental effects (Jin et al. 

2001; Gibson 2003), and genetic effects that are unaccounted for by the QTL analysis, such as from 

Quantitative Analysis of Microarray Profiles and Wood Property QTLs Identifies Candidate Genes in Eucalyptus 102



dominance and epistasis. The few existing estimates of gene expression heritability made under 

highly controlled environmental conditions (Dumas et al. 2000; Brem et al. 2002) report 20 to 50% of 

transcript abundance variation associated with non- genetic effects. Non-genetic sources of transcript 

level variation can be substantial, particularly for traits of moderate heritability, such as wood density 

(Zobel and van Buijtenen 1989). Many important traits in forest trees have low heritability, and 

transcript level analysis might be particularly valuable. Similarly, this approach may be extended to 

studies of complex traits in many other systems, where the environment has a strong effect on the 

phenotype, such as complex human diseases (Hunt et al. 2002; Fox et al. 2003; North et al. 2003). 

The remaining genes that were identified as differentially expressed between individuals with 

alternative QTL alleles showed in some cases a modest but significant correlation to wood density 

variation. We expect that the association was due to linkage or the downstream effects of genes 

located in the QTL genomic region, although they might represent some small effect QTL. 

This work was carried out on a hybrid created from widely different species in the genus 

Eucalyptus. Detectable differences in gene expression between individuals carrying alternative QTL 

alleles are likely to be maximized. However, large differences in gene expression between QTL 

genotypes are likely not to be a prerequisite for identification of candidate genes. In this backcross, 

each parental allele of the F1 hybrid was replicated ~ 45 times in a randomized genetic background. 

This level of replication increases drastically the statistical power for detecting genes that are 

differentially expressed in the two groups. The effects of genes located elsewhere in the genome are 

considerably randomized, except for loci linked to the QTL and downstream effects. 

An additional advantage of this approach is that different QTLs can be analyzed by “pooling 

in silico” different genotypes having inherited a different QTL region or allele. By having each 

individual’s expression profile, QTLs associated with the same or different traits located elsewhere in 

the genome can be easily tested, without need for further microarray experiments. In addition, 

multiple traits and genetic interactions (epistasis) can be evaluated. Alternatively, gene expression 

may be compared between pools of RNA samples from individuals sharing the same QTL genotype 

or from individuals in the extremes of the phenotypic distribution. However, the data on each 

individual’s expression profile allows correlation between transcript abundance and phenotypic 

variation, and mapping of QTLs for gene expression for any number of phenotypes. Finally, through 

our strategy each gene can be analyzed as a QTL, and each QTL for phenotype can be tested 

independently. 

This study verifies the potential of a method for genetic mapping of loci regulating transcript 

abundance, through localization of loci controlling variation in transcript level, analogous to QTL 

mapping. Expression mapping provided, in our case, an indirect way of positioning the RCI2 gene in 
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the Eucalyptus linkage map. Many other genes could be linked by expression to molecular markers 

and microarrays will provide the tool for carrying out expression mapping for hundreds of genes at a 

time. This strategy cannot discriminate between the mapping of the gene and its expression regulators. 

In yeast and maize, only one third to ⅔ (depending on the test stringency) of the genes whose 

expression could be linked to a genetic locus were regulated by a polymorphism at the gene itself or 

in its cis-acting regulatory regions (Brem et al. 2002; Schadt et al. 2003). Genes associated with 

cellular functions that involve a chain of events that are tightly regulated will possibly display a single 

or few gene expression QTLs, thereby identifying loci that regulate the pathway. This strategy could 

reveal new details about the network of regulation of metabolic pathways through discovery of 

genomic regions affecting their regulation (Jansen and Nap 2001). 

In summary, we used the association between gene expression, genotypic and phenotypic 

variation to identify candidate genes for wood density. This approach extends logically from the 

traditional method of dissecting quantitative traits, based on polymorphic DNA markers and 

phenotypic variation. The summed phenotypic variation explained by QTLs is a limited fraction of 

the total variation for traits with low heritability. By capturing additional components of genetic and 

non-genetic sources of variation, the gene expression measured on microarrays appears useful for the 

identification of candidate genes. This approach illustrates the value of combining genomic 

technology with quantitative analysis to understand the basis of complex traits. 

MATERIAL AND METHODS 

Experimental cross, genetic maps and QTL analysis 

The E. grandis BC family was derived from a superior F1 hybrid (BBT 01058) of E. grandis and E. 

globulus. 186 F2 individuals were genotyped to generate 803 polymorphic markers, using a pseudo-

testcross design. Two separate single-tree framework linkage maps were constructed, a maternal map 

of the E. grandis backcross parent and a paternal map of the F1 hybrid (Myburg et al. 2003). 

Basic wood density was obtained at age 2, by direct measurement of the oven-dried weight 

and green (maximum water saturated) volume of wood discs. QTL analysis was performed using a 

subset of framework markers with approximately 10 cM spacing (Myburg et al. 2003). Wood density 

values and the framework marker data of the two linkage maps were used for separate, genome-wide 

QTL detection scans using Windows QTL Cartographer (Basten et al. 2003). Composite interval 

mapping (Zeng 1993; Zeng 1994) was used for QTL detection. 

A subset of 91 individuals from the original E. grandis BC mapping population was clonally 

propagated and planted in a similar site by Forestal Oriental S.A. in Paysandú, Uruguay. 
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Tissue collection and RNA preparation 

Differentiating xylem was collected from 20-month-old trees over a period of two consecutive days 

during the peak of the growing season. Tissue was scraped from the entire surface of the first two 

meters of the stem. To avoid RNA degradation and gene expression responses to wounding, the bark 

was removed progressively as the scrapping proceeded from top to bottom. The entire procedure 

consumed less than five minutes per tree. Immediately upon each scrape, the collected tissue was 

submerged and stored in RNAlater solution (Ambion Inc.) maintained at 10-15 ºC, and transferred to 

a -20 ºC freezer within 8 hours. The tissue samples were transported to Raleigh (USA) frozen in 

RNAlater. Upon arrival, samples were transferred to a -80 ºC freezer where they remained for 2-4 

weeks until RNA extraction was carried out. RNA extraction (Chang et al. 1993) was followed by 

purification in RNAeasy Plant Mini Kit (Qiagen) columns. RNA integrity was evaluated on agarose 

gels. 260/280 ratios between 1.8 and 2.2 were typically obtained. 

Gene expression profiling 

The gene expression profiles of the differentiating xylem of the 91 backcross individuals were 

characterized following a loop design (Churchill 2002). In this design, RNA from individual 1 

(labeled with Cy3) was hybridized with RNA from individual 2 (labeled with Cy5) on the first slide; 

the same individual 2 (now labeled with Cy3) was compared with individual 3 (Cy5) on the second 

slide, and so on. The loop was completed when individual 91 (Cy3) was contrasted to individual 1 

(Cy5) on slide number 91. The data can be found in the Gene Expression Omnibus (GEO) database 

(GPL348 [Platform], GSM7637-GSM7727 [Samples], and GSE502 [Serie]). 

 The cDNA microarrays contained 2608 ESTs. 555 ESTs are derived from E. grandis 

differentiating xylem (Forest Biotechnology Group at NCSU) and 2053 ESTs are from four libraries 

from E. grandis leaf and root tissue and two libraries from E. tereticornis flower tissues (Scott Tingey, 

DuPont Agricultural Products, Newark, DE). ESTs were selected based on their putative function in 

the biogenesis of cell walls. Details about the cDNA microarray design have been described 

previously (CHAPTER 3). Sequences have been deposited in GenBank and clones can be obtained 

through a biological material transfer agreement (GenBank accession numbers: CB967505 - 

CB968059, CD667988 - CD670002, CD670004, CD670097, CD670101 - CD670112, CD670114 - 

CD670137). The cDNA clones were amplified by PCR, purified (Millipore 96-well Multiscreen filter 

plates) and evaluated on agarose gels. After dilution in 50% DMSO, cDNAs were printed in duplicate 

on aminosilane-coated glass slides (Corning) using an Affymetrix 417 Spotter. 

 After first-strand cDNA synthesis with SuperScript II (Life Technologies), targets (cDNA in 

solution) were aminoallyl labeled with Cy3 and Cy5 dyes (Hegde et al. 2000). Slides were hybridized 
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(20 hours at 42°C) and washed. Slides were scanned (ScanArray 4000, Packard Bioscience) and 

images were processed with QuantArray (Packard Bioscience). Quality control steps followed the 

recommendations of TIGR SOP for aminoallyl labeling (http://atarrays.tigr.org/protocols.shtml). 

Statistical analysis 

The microarray data analysis was carried out with two interconnected ANOVA models using PROC 

MIXED in SAS (SAS Institute, Cary, NC), as described previously (Jin et al. 2001; Wolfinger et al. 

2001). The normalization ANOVA model yijk=µ+Ai+Dj+Pk+(AxD)ij+(AxP)ik+(DxP)jk+(AxDxP)ijk+εijk 

was used to account for experiment-wide sources of variation associated with slide, dye and pin 

effects. In this model, yijk are the log2 transformed signal intensities, µ is the sample mean, Ai is the 

effect of the ith array (1 to 91), Dj is the jth dye (Cy3 and Cy5), Pk is the kth arrayer pin (1 to 4), and 

their corresponding interactions. The model residuals, εijk, represent normalized values, which were 

used in the gene model. Genes were tested for the effect of the wood density QTL, using the model 

rilmn=µ+Ai+N(A)l(i)+Qm+T(Q)n(m)+εilmn, where Qm represents the fixed effect of the mth QTL genotype, 

replicated over multiple individuals of the progeny. Individuals were grouped in specific QTL 

genotypes based on having inherited the two AFLP markers within the QTL region from either one of 

the Eucalyptus F1 hybrid parents (E. grandis [tree G50] or E. globulus [unknown parent]). Tn 

represents the individual tree effect, nested within QTLs. Least-square means estimators of relative 

transcript levels were generated for each individual tree and gene by applying a gene model as 

described above, evaluating only the tree genotype effect (CHAPTER 3). Correlation analysis 

between expression and trait variation was carried out using SAS JMP (SAS Institute, Cary, NC). 

RCI2 expression confirmation with Real Time PCR (RT-PCR) 

The relative abundance of RCI2 transcripts was confirmed by RT-PCR for a set of 14 trees sampled 

evenly throughout the range of transcript variation, using procedures previously described (Stasolla et 

al. 2003). The majority (10) of the samples’ gene expression microarray estimates were within one 

standard deviation of the values obtained by RT-PCR. 

Gene expression mapping 

Mapping of locus affecting gene expression variation was carried out using standard methods for 

QTL mapping (Zeng 1993; Zeng 1994; Basten et al. 2003), as described previously (Myburg 2001). 
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Genetic mapping 

The identity of the three cDNAs representing RCI2 were confirmed by re-sequencing. The Eucalyptus 

RCI2 gene was mapped by genotyping 160 individuals from the original mapping population. 

Amplified fragments were separated using SSCP (Suzuki et al. 1990; Maruya et al. 1996) and 

visualized after silver staining (Bassam et al. 1991). 
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Figure 1. Association between genotypic and phenotypic variation identifies genomic regions 
associated with trait variation through QTL analysis and association studies. Gene expression assayed 
as transcript levels represents an intermediate stage between genotype and phenotype, which can be 
monitored for thousands of genes simultaneously on microarrays. Genes whose expression patterns 
are correlated with genotypic variation at a QTL region and to the phenotypic variation for a trait of 
interest, represent candidate genes. 
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Figure 2. Pedigree of the E. grandis backcross population generated using a pseudo-backcross mating 
scheme. 
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Figure 3. Segregation of the F1 hybrid parental alleles in linkage group 9. Grey segments have been 
inherited from the E. grandis parent (G50) and black from the E. globulus parent. White segments 
represent missing marker data. Each vertical bar represents one individual from the backcross 
population. Individuals are grouped according to the inheritance of the two AFLP markers (aag/ctg – 
103f and aag/ccg – 444f-s) located within the wood density QTL interval. 
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Figure 4. Linkage group 9 of the paternal map of the Eucalyptus F1 hybrid tree. AFLP markers are 
displayed with respective location (cM). The gray bar indicates the LR interval (experimentwise α = 
0.1) of the wood density QTL, and the hashed bar that of the RCI2 gene expression QTL. The arrow 
points to the genetic location of RCI2 (LOD 25.4). 
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Figure 5. Correlation between transcript levels and wood density variation. Genes differentially 
expressed (represented by the EST GenBank Accession Number) between the alternative wood 
density QTL genotypes and significantly correlated to wood density variation (P-value < 0.05) are 
ranked. The correlation (□) indicates the proportion of the variation in wood density explained by the 
transcript levels, and its significance (�). 
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Figure 6. Relative transcript level (log2) of the Eucalyptus RCI2 (EST CD669389) and wood basic 
density variation (kg/m3), measured in each 91 individuals from the Eucalyptus BC population. 
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ABSTRACT 

Phenotypic, genotypic and transcript level (microarray) data from an interspecific backcross 

population of Eucalyptus grandis and E. globulus were integrated to dissect the genetic and metabolic 

network underlying growth variation in this pedigree. Transcript abundance, measured for 2608 genes 

in the differentiating xylem of a 91 (E. grandis × E. globulus) × E. grandis backcross progeny, were 

correlated with diameter variation, revealing coordinated downregulation of genes encoding enzymes 

of the lignin biosynthesis and associated methylation pathways, in fast growing individuals. Lignin 

analysis of wood samples confirmed the content and quality predicted by the transcript levels 

measured on the microarrays. Quantitative trait locus (QTL) analysis of transcript levels of lignin-

related genes showed that their mRNA abundance is regulated by two genetic loci, demonstrating 

coordinated genetic control over lignin biosynthesis. These loci co-localize with QTLs for growth, 

suggesting that the same genomic regions are regulating growth, and lignin content and composition 

in the progeny. Genetic mapping of the lignin genes revealed that most of the key biosynthetic genes 

do not co-localize with growth and transcript level QTLs, with the exception of the locus encoding 

the enzyme S-adenosylmethionine synthase. This study illustrates the power of integrating 

quantitative analysis of gene expression data and genetic map information to unravel the genetic and 

metabolic networks regulating complex biological traits. 

INTRODUCTION 

Wood is composed of secondary xylem, a highly specialized conductive and structural support tissue 

produced by lateral growth and differentiation of the meristematic vascular cambium. The physical 

and chemical properties of wood are determined by genes expressed during the developmentally-

regulated process called xylogenesis. The product of xylogenesis represents one of the world’s most 

important natural resources, yet relatively little is known about the genetic regulation of this process. 

Wood serves as a renewable source of energy and it is a sink for atmospheric carbon, therefore 

contributing to reduce global warming. Wood is also the raw material for the global pulp and paper, 

and timber industries. The growth and development of trees and other woody plants have important 

implications for the dynamics and composition of forest ecosystems.  

At the plant cellular level, growth is determined by cell division and expansion. Expansion is 

driven primarily by internal osmotic pressure generated by water uptake. Expansion is constrained by 

the cell wall, and depends on its composition and the degree of association between its different 

components (Buchanan et al. 2000). Growth of secondary xylem results from a sequential 

developmental process that initiates with cell division of cambial cells, followed by cell expansion, 
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secondary wall formation, lignification, and apoptosis (Fukuda 1996). Wood growth has normally 

been associated with the number and rate of cell divisions at the meristematic cambium (Gregory and 

Wilson 1968; Wilson and Howard 1968; Zobel and van Buijtenen 1989). Recently, the role of 

phytohormones in xylem differentiation has started to become elucidated. Indole-3-acetic acid (IAA) 

has been shown to function as a positional signal for xylem differentiation (Uggla et al. 1998; 

Mellerowicz et al. 2001). Specific transcription factors, such as members of the R2R3-MYB gene 

family, are also likely to be actively involved in the control of lignification during xylogenesis 

(Patzlaff et al. 2004). Despite the progress in defining the molecular and cellular processes involved, 

the mechanisms that determine the rate of xylogenesis (wood growth) and variation in wood 

properties remain largely unknown. 

Variation in growth rate of woody plants has been studied using quantitative trait locus 

(QTL) mapping approaches (Bradshaw and Stettler 1995; Grattapaglia et al. 1996; Plomion et al. 

1996a). These studies identified broad genomic regions that contain genetic elements underlying 

phenotypic differences among genotypes of eucalypt, pine and poplar trees. Identification of genes 

underlying growth QTLs could provide important clues about the biological processes that control 

trait variation. While much progress has been achieved in the development of QTL analysis methods, 

only a few studies have identified specific genes that underlie QTLs in plants and animals (Flint and 

Mott 2001; Glazier et al. 2002; Korstanje and Paigen 2002; Morgante and Salamini 2003). 

Our understanding of the cellular and genetic mechanisms that regulate growth in forest trees 

can be expanded by large-scale analysis of gene expression, such as microarray analysis (Schena et 

al. 1995). Microarrays have identified clusters of co-expressed genes (Eisen et al. 1998) and allowed 

inferences about biological processes implicated in plant development and environmental responses 

(Wullschleger and DiFazio 2003). Recently, the use of microarrays to elucidate the genetic control of 

gene expression variation was demonstrated in mice and Drosophila (Karp et al. 2000; Eaves et al. 

2002; Wayne and Mcintyre 2002). Microarrays have been used to determine gene expression levels in 

segregating populations and identify genomic regions (gene expression QTLs, or eQTLs) explaining 

transcript variation in co-regulated genes (Brem et al. 2002; Schadt et al. 2003; Yvert et al. 2003). 

When correlated with phenotypic data from a quantitative character, this approach has successfully 

identified positional candidate genes by co-localizing gene expression QTLs and trait QTLs (Schadt 

et al. 2003). 

We previously demonstrated the power of integrating genotypic, phenotypic and transcript 

level data for the identification of genes controlling wood density in the forest tree species Eucalyptus 

grandis (CHAPTER 4). Here we extend this strategy to the study of growth variation in Eucalyptus. 

We studied the association between phenotypic variation in diameter growth and the transcript level 
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of 2608 cDNAs in the progeny of an elite hybrid of E. grandis and E. globulus. E. grandis is known 

for rapid growth, and E. globulus for superior wood quality. The backcross (BC) progeny of the E. 

grandis × E. globulus hybrid is particularly suited for the dissection of the molecular mechanisms 

involved in growth variation because of the wide segregation that is observed in this pedigree. We 

have previously genetically characterized the E. grandis BC progeny (Myburg et al. 2003) and 

identified QTLs for diameter growth in the genetic linkage maps of the F1 hybrid backcross parent 

(unpublished data). In the work reported here, the signal intensity measured on microarrays was used 

as a quantitative indicator of transcript level variation (Brem et al. 2002; Schadt et al. 2003) and was 

correlated with quantitative variation of growth in the progeny. This analysis revealed coordinated 

reduction of transcript levels for genes encoding enzymes involved in lignin biosynthesis in the 

progeny that displayed superior growth (relative to slow growing progeny). This downregulation of 

lignin gene transcripts were correlated with direct measurements of lignin content of the backcross 

progeny. Quantitative genetic analysis of gene expression indicated that eQTLs for expression of 

lignin-related genes co-localize with growth QTLs, indicating common regulation. 

RESULTS 

QTL analysis of diameter growth 

A progeny of 186 individuals from an F1 hybrid (E. grandis × E. globulus), backcrossed to an 

unrelated E. grandis, was previously genotyped with AFLP markers, and genetic maps were 

generated for the two progeny parents (Myburg et al. 2003). QTL analysis of diameter growth at 

breast height (DBH) was carried out for a cloned subset of 91 individuals from the original E. grandis 

mapping population. QTL analysis by composite interval mapping (CIM) (Zeng 1993; Zeng 1994) 

identified two highly significant QTLs (experimentwise α = 0.01) on linkage groups (LG) 4 (39.7 

centimorgans [cM]) and LG 9 (71.1 cM) of the F1 hybrid (paternal) map (Figure 1), with likelihood 

ratios (LR) of 26.8 and 18.0, respectively. The two QTLs were of opposite effect, with the QTL on 

LG4 having a positive additive effect of 1.5 cm, and the QTL on LG9 a negative additive effect of 

1.25 cm. The two QTLs jointly explain approximately 30% of the phenotypic variation in growth 

observed in this family. A marginally significant QTL (LR 12) with negative effect was detected on 

LG 11 (12 cM). 

Transcript profiles of the E. grandis BC progeny 

To identify genes whose expression patterns are associated with growth variation in the segregating 

backcross progeny, transcript levels were estimated for 2608 cDNAs on a microarray, for each of the 

91 individuals of the E. grandis BC family. These cDNAs represent putative homologs of genes 
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known to be, or potentially involved in wood formation. Differentiating xylem tissue was collected 

during the peak of the growing season to maximize the probability of identifying genes associated 

with growth variation in this cross. The microarray data were analyzed using two sequential mixed 

linear models (Jin et al. 2001; Wolfinger et al. 2001) to normalize the data and identify genotypic 

effects on gene expression. Relative transcript levels were estimated for each individual and each 

cDNA using least-square means. The microarray raw intensity data is deposited in the Gene 

Expression Omnibus (GEO) database. 

Transcript level and growth correlation 

Each cDNA was tested for association between transcript level and diameter growth variation in the 

backcross progeny using correlation analysis (Neter et al. 1996). The expression patterns of a total of 

26 genes were significantly correlated with growth, after a Bonferroni correction for 2608 tests 

(individual test significance threshold of 0.000019, corresponding to an experimentwise α = 0.05). A 

slightly less stringent criteria was adopted (individual test significance threshold of 0.0001) to include 

a larger sample for further analysis. Lowering the stringency added 11 genes to the set of 26 that were 

initially identified. The transcript levels estimated for these genes were all negatively correlated with 

growth (Figure 2). The most significant correlation was observed for a cDNA representing a putative 

coniferaldehyde 5-hydroxylase (Cald5H, EST CD66980) (Meyer et al. 1996), also called ferulate 5-

hydroxylase (F5H), an enzyme at the branch of the phenylpropanoid pathway towards syringyl 

monolignol biosynthesis (Franke et al. 2000; Li et al. 2000). Transcript variation of Cald5H explains 

38% of the diameter growth variation in this E. grandis BC family (Figure 3). The majority of the 

other significantly correlated genes are homologs of enzymes involved in lignin biosynthesis and the 

phenylpropanoid pathway, including cinnamate-4-hydroxylase (C4H, EC:1.14.13.11, EST 

CB967509), 4-coumarate-3-hydroxylase (C3H, EC 1.14.14.1, EST CD668901), caffeoyl-CoA O-

methyltransferase (CCoAOMT, EC:2.1.1.104, EST CD670106), and O-methyltransferase (OMT, 

EC:2.1.1.76, ESTs CD668820 and CD670000) (Figure 4). Negative correlation was also observed for 

two ESTs representing the enzyme cinnamyl alcohol dehydrogenase (CAD, EC:1.1.1.195, ESTs 

CD668552 and CD669708), referred to as CADa and CADb. Lack of additional sequences for 

Eucalyptus does not allow us to define whether they represent the same gene or if those are 

independent genes from the same gene family. This set of coordinately regulated genes included all 

but two enzymes of the phenylpropanoid pathway, 4-coumarate:CoA ligase (4CL, EC:6.2.1.12) and 

cinnamoyl-CoA reductase (CCR, EC 1.2.1.44), which were represented in the microarray. CCR was 

represented by one cDNA (EST CB967622), which generated a product of poor quality when 

amplified by PCR, and, therefore, its correlation with growth remains inconclusive. Four cDNA 
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clones representing 4CL (ESTs CD668307, CD669076, CD668571 and CD669589) were included in 

the array and produced non-significant correlation with growth, suggesting that it may not be subject 

to the coordinated regulation with the other enzymes of the pathway. 4CL may be subject to different 

regulation or there could be no variation for 4CL transcript levels in this cross. cDNAs that were 

negatively correlated with growth included those representing genes encoding two enzymes of the 

shikimate pathway, phospho-2-dehydro-3-deoxyheptonate aldolase synthase (DAHP, EC:2.5.1.54, 

EST CD668692) and chorismate mutase (CM, EC:5.4.99.5, ESTs CD669878 and CB967683), and 

three enzymes involved in S-adenosylmethionine biosynthesis (methionine metabolism), S-

adenosylmethionine synthase (SAMS, EC:2.5.1.6, EST CB967747), homocysteine S-

methyltransferase (HMT, EC:2.1.1.14, ESTs CD669142, CD669275 and CD967988) and 

adenosylhomocysteinase (SAH, EC:3.3.1.1, EST CB967558). The shikimate and methionine 

pathways are both involved in the biosynthesis of substrates for the phenylpropanoid pathway, L-

phenylalanine (shikimate) and S-adenosylmethionine (methionine) (Figure 4). Additional genes 

negatively associated with growth included the putative Eucalyptus homologs of a vacuolar sorting 

receptor homolog (EST CB967628), genes involved in carbohydrate metabolism (beta-[1-3]-

glucosyltransferase, polygalacturonase, acetyl-CoA synthetase) and several hypothetical and putative 

proteins. 

Genes with transcript levels positively correlated with growth were not significant at the 

individual test significance threshold of 0.0001. Ten genes were correlated with diameter growth at a 

lower stringency (individual test significance threshold of 0.001) (Figure 2). This included a putative 

xyloglucan endo-transglycosylase (XET, EST CD669576), which is a member of a gene family 

involved in cell expansion (Darley et al. 2001; Bourquin et al. 2002), and other cell wall associated 

genes, such as a pectin methyl-esterase (PME, EST CD668958). 

Transcript and growth variation is associated with changes in lignin content and quality 

To confirm that the variation in expression of the lignin-related genes correlated with diameter 

growth translated into actual changes of lignin content and composition, eight individuals from the E. 

grandis BC progeny were selected for lignin analysis from each of the two extremes of the gene 

expression and growth distributions. Lignin content and S/G ratios confirmed the expectation from 

the microarray analysis (Figure 5). The lignin fraction (acid soluble and insoluble lignin) of the wood 

averaged 22.5% (0.6% SD) in the fast growing trees, and 24.8% (1% SD) in the slow growing trees 

(Figure 5B). Considering only the lignin fraction of the wood, lignin content was 10% lower in fast 

growing individuals. Substantial differences were also observed in terms of S/G ratios. S-units were 

38% more abundant in slow growing trees (Figure 5C), correlating well with the role of Cald5H in 
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the synthesis of S units (Franke et al. 2000; Li et al. 2000), the higher Cald5H transcript levels 

detected in slow growers, and the co-localization of Cald5H expression QTLs with growth QTLs (see 

below). 

Correlated expression of lignin-related genes 

Next it was tested whether the correlation between transcript levels of the lignin-related genes and 

growth also translated into a strong correlation among the genes themselves. Lack of correlation 

among genes of the pathway would suggest independent regulation of gene expression, while the 

opposite would support the hypothesis that they are under a higher level of genetic control, by a 

limited number of genetic loci. An analysis of correlation revealed a highly significant (P-value < 

0.0001) association among the expression levels of the genes encoding enzymes of the 

phenylpropanoid (Cald5H, C4H, C3H, CCoAOMT, OMT and CAD), shikimate (DAHP, CM) and 

methionine (SAMS, HMT and SAH) pathways (Figure 6). The strongest correlation (R2 = 0.82) was 

detected between two adjacent enzymes in the pathway, Cald5H and OMT, while C4H displayed 

comparatively weaker correlations relative to all the other genes. These results suggest coordinated 

control of expression of these genes, which could involve one or more transcription regulators. 

Gene expression QTLs and co-localization with growth 

Identification of the gene or genes responsible for coordinated regulation of  lignin biosynthesis and 

growth is difficult due to the lack of genomic information for Eucalyptus. However, mapping of 

QTLs for gene expression levels (eQTLs) can provide information about regulation by common 

trans-acting elements, where such elements are genetically located, and how many major loci are 

involved. The least square means estimates obtained for the cDNAs of the genes encoding enzymes 

of the phenylpropanoid, shikimate and methionine pathway, were combined with the F1 hybrid 

paternal framework marker data for genome-wide QTL detection scans, using composite interval 

mapping. With the exception of C4H, eQTLs were detected (at LR > 11) for all the genes encoding 

enzymes involved in lignin biosynthesis, that were previously identified as highly correlated to 

growth (Figure 7). All these genes share a common eQTL, which overlaps with the QTL for growth 

identified in LG9, with the exception of chorismate mutase (LR at LG9 = 8.1). The majority of these 

genes also have an eQTL on LG4, which in most cases co-localizes with the growth QTL identified in 

this linkage group. The presence of pair-wise epistatic interactions between eQTLs was evaluated by 

multiple interval mapping (MIM) analysis (Kao et al. 1999), but no significant interactions were 

detected for the lignin-related genes (data not shown). 
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Gene mapping 

These results suggest that transcription of these genes is either regulated by common trans-acting 

transcriptional regulators, or that these genes co-localize to the same genomic regions. To evaluate 

these hypotheses, we mapped some of the genes onto the genetic map of the F1 hybrid (Figure 7). The 

mapping results indicate that they are located in various linkage groups, generally not in the same 

location as their own eQTLs, therefore supporting the hypothesis that they are regulated by a few 

common trans-acting regulatory genes. Genetic location of none of these genes overlaps the growth 

or gene expression QTLs, to the exception of the S-adenosylmethionine synthase gene, which co-

localizes with the growth and gene expression QTLs identified on LG4. SAMS is involved in the 

synthesis of S-adenosylmethionine, which provides methyl groups that are required for lignin 

biosynthesis, and could represent a key regulatory or rate-limiting step. Other regulatory genes 

involved in the control of transcript levels of genes of the phenylpropanoid, shikimate and methionine 

pathway genes may not have been represented in the cDNA microarray or could be regulated other 

than at the transcript level. 

DISCUSSION 

We have characterized segregating transcript profiles in an interspecific backcross to E. grandis using 

microarrays containing 2608 cDNAs, and integrated the phenotypic, genotypic and transcript data to 

identify metabolic and regulatory networks implicated in growth variation. Analysis of the association 

of mRNA abundance patterns in this backcross pedigree revealed that the expression of genes 

involved in lignin biosynthesis and associated methylation pathways is negatively correlated with 

diameter growth, and is predictive of lignin content and quality in these trees. Expression QTL 

(eQTL) analysis of these genes revealed common regulatory loci and co-localization of lignin eQTLs 

with growth QTLs, giving further support for the finding that lignin content and composition affects 

growth in this population. 

Lignin is the second most abundant component of wood, to which it confers strength, 

impermeability and protection against pathogens. Lignin also represents a major obstacle to the 

efficient use of plant cell wall carbohydrates and plant fibers in food, forage, biomass energy 

conversion and wood processing for pulp and paper production. Variation in stem diameter of rapidly 

growing trees has been associated with the number and rate of cell divisions in the meristematic 

cambium by several authors (Gregory and Wilson 1968; Wilson and Howard 1968; Zobel and Van 

Buijtenen 1989). However, the role of lignin as one of the main sinks for carbon in the xylem could 

limit availability of carbon for cell division and growth. Lignin biosynthesis also requires 

substantially higher amounts of energy relative to the production of a similar quantity of the major 
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cell wall component, cellulose (S. D. Wullschleger, personal communication). Therefore, higher 

carbohydrate and energy consumption for more lignin biosynthesis may have a direct negative effect 

on growth rate. Alternatively, the lower lignin content detected in fast growing trees could be a 

secondary effect resulting from different genetic factors. However, evidence for a primary effect of 

lignin on growth comes from previous studies of transgenics where downregulation of specific genes 

of the lignin biosynthetic pathway in aspen resulted in a significant increase in growth (Hu et al. 

1999; Li et al. 2003). In loblolly pine, a 50% reduction of CAD enzyme activity was associated with a 

growth increase of 14% (Wu et al. 1999). Although complex biological traits, such as diameter 

growth may be affected by many different physiological processes, we propose that a higher rate of 

lignin biosynthesis is directly related to reduced growth in this hybrid population, through 

competition for carbon flow into alternate pathways. 

Quantitative analysis of transcript variation measured in widely segregating E. grandis x E. 

globulus  backcross progeny demonstrated the power of microarray technology to dissect complex 

traits and investigate metabolic networks. Microarray analysis identified coordinate transcription of 

genes encoding most enzymes of the monolignol biosynthesis branch of the phenylpropanoid 

pathway, as previously described in Arabidopsis (Harmer et al. 2000) and loblolly pine (Anterola et 

al. 2002). In addition, our results suggest that this orchestrated transcription extends to other genes in 

associated metabolic pathways. This includes DAHP and CM, from the shikimate pathway, which 

generates the primary substrate of the phenylpropanoid pathway, L-phenylalanine. These two 

enzymes are typically inhibited in microbes by a feedback mechanism triggered by excess of L-

phenylalanine (Ogino et al. 1982). In Arabidopsis, two of the three existing isoforms of CM are 

inhibited by L-phenylalanine (Mobley et al. 1999). Other co-expressed genes included SAMS, SAH 

and HMT, which encode three enzymes of the methionine pathway and provide methyl groups for 

monolignol biosynthesis. SAMS, SAH and HMT are some of the most abundant ESTs found in 

cDNA libraries made from xylem tissue of loblolly pine undergoing compression wood formation 

(M. Kirst, unpublished results), a tissue with high lignin content relative to normal wood. The under-

expression of SAMS has been shown to result in a decrease of lignin content in maize (Shen et al. 

2002). The coordinated transcript profiles of genes encoding these enzymes (DAHP, CM, SAMS, 

SAH and HMT) is consistent with the importance of the shikimate and methionine pathways in lignin 

biosynthesis and suggests that transcription of many of the genes in these pathways are under a higher 

level of coordinated control.  

The correlation of gene expression in a segregating progeny can also extend our knowledge 

about other genes in these pathways. cDNAs representing previously uncharacterized or hypothetical 

genes, which are strongly correlated with lignin-related genes (such as ESTs CB967589, CD669435, 
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and CB967636 ) are likely to be involved in this biological process. Similarly, new functions can be 

tentatively assigned to previously characterized genes that had not been described in the context of 

lignin biosynthesis, such as a spot 3 protein and a vacuolar sorting receptor homolog (ESTs 

CB967628 and CD668320). 

The QTLs for gene expression and growth co-localized to a high extent, suggesting that a 

relatively small number of major-effect genes affect growth and lignin biosynthesis in this cross. 

Several genes encoding enzymes in the general phenylpropanoid pathway and in the synthesis of 

lignin precursors contain common motifs that are recognized by specific transcription factors, such as 

MYBs (Borevitz et al. 2000; Patzlaff et al. 2004). The QTLs we identified here could represent such 

transcription factors. Alternativelly, individual lignin genes or clusters of genes could be directly 

involved. Feedback control is known to affect the shikimate and phenylpropanoid pathways (Blount 

et al. 2000; Guillet et al. 2000). Genetic mapping of candidate genes identified in this study revealed 

genetic co-localization of SAMS with growth and lignin gene expression QTLs. SAMS’ role as the 

last enzyme in the synthesis of S-adenosylmethionine, and its negative effect on the levels of lignin in 

transgenic maize plants (Shen et al. 2002), suggest that it is an important candidate for further 

analysis. Many other candidate genes that have not been mapped could be located in the same QTL 

interval. Therefore, a larger collection of genes might identify other candidate genes involved in the 

regulation of expression of lignin genes. 

Efforts to genetically dissect growth traits in forest species have typically identified three to 

five QTLs (Bradshaw and Stettler 1995; Grattapaglia et al. 1996; Plomion et al. 1996b; Byrne et al. 

1997; Wu 1998; Kaya et al. 1999) which, in combination, accounted from 13% to 27% of the 

phenotypic variation. QTLs identified in forest species are typically unstable from age to age 

(Verhaegen et al. 1997; Emebiri et al. 1998), implying that different genes regulate growth during 

different stages of growth and development. QTLs identified by phenotypic measurements carried out 

after several years are likely to represent the accumulated effect of QTLs over the tree life time 

(Weng et al. 2002). Therefore, expression variation assessed at maturity may not reflect differences in 

expression in the initial years. Growth rate measured on forest species typically has low heritability 

indicating that the phenotypic variation is highly dependent on the environment. Possibly only a 

fraction of the composite number of loci affecting growth are playing a role in the variation of this 

hybrid cross, making it easier to dissect genetically. Additional gene expression studies of the 

progeny, carried out over several years, will tell us more about the stability of the correlation of lignin 

biosynthesis and growth. 

Finally, this work follows from a previous study, where one gene’s variation in transcript 

abundance explained ¼ of the phenotypic variation in wood density, twice the amount explained by a 
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QTL identified for the trait (11%) (CHAPTER 4). Here we identified a large set of genes with 

correlated response relative to transcript abundance and growth, and which explained up to 38% 

(Cald5H) of the variation in the growth of the progeny. This accounts for more of the growth 

variation than that explained by each of the two major QTLs individually (18% and 12%) or jointly (~ 

30%). Previous estimates generated from QTL analysis of diameter growth on the entire mapping 

population indicated a lower proportion (~ 20%) of the phenotypic variation explained. This result 

suggests that transcript variation at a gene underlying a QTL is a better predictor of phenotype 

because transcript level may represent genetic, environmental and developmental sources of variation 

that are unaccounted for by the QTL analysis. 

MATERIAL AND METHODS 

E. grandis BC pedigree, genetic maps and QTL analysis 

An F1 hybrid from E. grandis (tree G50) and E. globulus (unknown parent in a pollen mix) was 

backcrossed to an unrelated E. grandis individual (tree 678.2.1) to generate the E. grandis BC 

population (Myburg et al. 2003). A subset of 91 individuals from the original E. grandis BC 

population were clonally propagated and planted on a similar site as the original mapping population 

near Paysandú (Uruguay). Identification of QTLs for growth, measured as diameter at breast height 

(DBH) at 20 months, was performed using composite interval mapping (CIM) (Zeng 1993; Zeng 

1994) in a subset of framework markers with approximately 10 cM spacing, using Windows QTL 

Cartographer (Basten et al. 2003). Likelihood ratio (LR) thresholds were determined by permutation 

testing (Churchill and Doerge 1994; Doerge and Churchill 1996). 

Gene expression profiling 

Differentiating xylem was collected from each of the trees at the same time as the DBH 

measurements were taken. The tissue was submerged and stored in RNAlater solution (Ambion Inc.) 

until RNA extraction (Chang et al. 1993) and purification in RNAeasy Plant Mini Kit (Qiagen) 

columns. Transcript profiling was carried out using cDNA microarrays comprising 2608 ESTs, as 

described previously (CHAPTER 3). EST sequences are deposited under the GenBank accession 

numbers: CB967505 - CB968059, CD667988 - CD670002, CD670004, CD670097, CD670101 - 

CD670112, CD670114 - CD670137. After PCR amplification, purified DNAs (Millipore 96-well 

Multiscreen filter plates) were diluted (50% DMSO) and printed in duplicate on aminosilane-coated 

glass slides (Corning) using an Affymetrix 417 Spotter. 

Total RNA was reverse transcribed, labeled and hybridized following the aminoallyl labeling 

method (Hegde et al. 2000). Slides were scanned and the images processed using a ScanArray 4000 
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Microarray Analysis System scanner and the QuantArray software (Packard Bioscience). Signal 

intensity measurements are deposited in the Gene Expression Omnibus (GEO) database under the 

accession numbers GPL348 (Platform), GSM7637-GSM7727 (Sample), and GSE502 (Series). 

Raw signal intensity values were transformed (log2) and normalized for experiment-wide 

sources of variation associated with slide, dye and pin effects, using analysis of variance (ANOVA) 

(Jin et al. 2001; Wolfinger et al. 2001), as described previously (CHAPTER 3). Residuals, 

representing normalized values, were used to estimate individual tree genotype effects for each tree 

and cDNA, using least square means (CHAPTER 3). We have previously confirmed the value of 

quantitative estimates of gene expression for the same dataset (CHAPTER 4). Analysis of 

correlations were carried out using the “Multivariate” and “Fit Model” functions in JMP release 5.0 

(SAS Institute, Cary, NC). 

Lignin content and monolignol composition 

Cell walls were saponified with 1M NaOH for 16 hours at room temperature and lignin was extracted 

and quantified following a microscale Klason method (Kaar and Brink 1991). Absolute amounts of 

the guaiacyl (G-units) and syringyl (S-units) lignin monomers were quantified by derivatization 

followed by reductive cleavage (DFRC) and solubilization with acetyl bromide (Lu and Ralph 1997). 

Reductive cleavage using zinc dust in acetic acid and acetylation was carried out in dichloromethane 

containing acetic anhydride and pyridine. Samples were dried and stored in the dark for subsequent 

gas chromatography analysis. The DFRC process generates 4-acetoxycinnamyl acetate monomers of 

guaiacyl and syringyl units, which were quantified by gas chromatography (GC-MS) using standards 

provided by John Ralph (Dairy Forage Research Center, USDA) and selective ion monitoring. 

Gene expression QTLs 

Least-square means estimates of transcript levels were used for QTL analysis using CIM (Zeng 1993; 

Zeng 1994) implemented in Windows QTL Cartographer (Basten et al. 2003). Empirical thresholds 

adopted were determined as described previously (CHAPTER 3). 

Gene mapping 

Primers used to PCR amplify Cald5H, DAHP, SAMS, HMT and SAH, were designed based on EST 

sequences derived from E. grandis xylem ESTs. Genes were mapped by genotyping 96 to 160 

individuals from the original mapping population using SSCP (Suzuki et al. 1990; Maruya et al. 

1996), and silver staining (Bassam et al. 1991). 
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Figure 1. Growth QTLs on linkage groups 4 and 9 of the paternal map of the E. grandis  x E. 
globulus F1 hybrid tree. AFLP markers are displayed with respective location (cM) and black bars 
indicate the LR interval (experimentwise α = 0.1) of the diameter growth QTLs. 
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Figure 2. Association between gene expression and diameter variation. The E. grandis BC progeny is 
ranked according to diameter (X-axis) and negative (A) or positive (B) correlation between relative 
transcript level and diameter variation (Y-axis). Red represents high and green low mRNA 
abundance. Black indicates no change in mRNA levels. GenBank accession numbers and putative 
functions are displayed on the right. Genes represented by multiple cDNAs are represented by the 
most highly correlated, and those related to lignin biosynthesis are indicated by asterisks (*). 
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Figure 3. Relative transcript level (log2) of the Eucalyptus homologue of Cald5H (EST CD66980) 
and diameter growth variation (cm), in the 91 individuals from the E. grandis BC population. 
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Figure 4. Biochemical pathways involved in lignin biosynthesis. Simplified representation of the 
monolignol biosynthesis pathway, and partial view of the methionine (gray box) and shikimate (black 
box) pathways. Genes down-regulated in fast growing trees are in red. Multiple arrows indicate 
multiple metabolic steps. 
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Figure 5. Growth and lignin properties of the E. grandis backcross population. Diameter growth (A), 
lignin content (B) and S/G ratios (C) were measured in 16 trees displaying high and low growth. 
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CADa 0.66 0.51 0.28 0.23 0.34 0.49
CADb 0.42 0.42 0.49 0.57 0.59
DAHP 0.56 0.38 0.48 0.48

CM 0.35 0.51 0.41
SAH 0.65 0.50
HMT 0.68

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Correlation of transcript levels estimated for genes coding for enzymes of the 
phenylpropanoid, shikimate and methionine pathways. Correlation significance was typically below 
0.0001. Exceptions are indicated by (*) (P-value < 0.01) and (**) (P-value < 0.05). 
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Figure 7. Likelihood ratio (LR) profiles generated by composite interval mapping analysis of 
diameter growth and expression levels of lignin-related genes. The LR scale is indicated on the Y-
axis. The X-axis represents the eleven linkage groups of the F1 hybrid paternal map arranged end-to-
end. The gray line (LR 11.0) represent the experimentwise α = 0.10. Growth and lignin-related gene 
expression QTLs co-localize on LG4 and LG9. Genetic location of several lignin-related genes are 
indicated in the lower panel. 
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