
ABSTRACT 
 

MYBURG, ALEXANDER ANDREW. Genetic Architecture of Hybrid Fitness and 

Wood Quality Traits in a Wide Interspecific Cross of Eucalyptus Tree Species. (Under the 

supervision of Ross W. Whetten and Ronald R. Sederoff.) 

 

The genetic architecture of interspecific differentiation plays a key role in the evolution of 

reproductive isolating barriers in plants, and has important implications for hybrid breeding 

programs. Interspecific hybridization is an important approach towards the genetic improvement 

of Eucalyptus tree plantations. However, incompatibilities between diverged eucalypt genomes 

often lead to reduced fitness of interspecific hybrids and decrease the efficiency of hybrid 

breeding programs. Furthermore, very little information is available on the genetic control of 

quantitative traits in interspecific hybrids of Eucalyptus tree species.  

 The aim of this project was to obtain a detailed description of the genetic architecture of 

hybrid fitness and wood property traits in an interspecific cross between two commercially 

important hardwood tree species, E. grandis and E. globulus spp. globulus.  This cross combines 

the superior growth and adaptability of E. grandis with the excellent wood properties of E. 

globulus. The two species are members of different sections of the subgenus Symphyomyrtus and 

hybrid generations of this wide cross are characterized by large amounts of F1 hybrid inviability 

and F2 hybrid breakdown. 

 Two interspecific backcross families of E. grandis × E. globulus were each genotyped with 

more than 800 amplified fragment length polymorphism (AFLP) markers using a new high-

throughput protocol for AFLP analysis on automated DNA sequencers. A pseudo-backcross 

mapping approach was used to generate detailed comparative genetic maps of a single superior F1 

hybrid tree and of two backcross parents. The genetic maps of the two pure species parents and 

the F1 hybrid were colinear and 11 comparative synteny groups were characterized. Overall 



 

recombination rates did not differ significantly, although heterogeneity in recombination rates 

was observed in several map regions.  

Approximately 30% of the AFLP markers were significantly distorted from expected 

segregation ratios. The distorted markers were located in specific map regions and distortion was 

highly directional in these regions. A Bayesian Markov chain Monte Carlo approach was used to 

estimate the position and effect of genetic factors that cause segregation distortion. At least six 

segregation distorting loci (SDL) were located in the genetic maps of the F1 hybrid. Two SDL 

were detected in the genome of the E. grandis backcross parent and one SDL in the map of the E. 

globulus backcross parent. Donor alleles were found to be favored in the recurrent genetic 

background at several SDL in the maps of the F1 hybrid. Marker-assisted breeding based on 

detailed, whole-genome genotypes of hybrids may be useful to minimize the effect of hybrid 

breakdown factors in further generations of this cross.   

 Near-infrared (NIR) analysis was used to predict wood property trait values for approximately 

270 individuals of each backcross family after two years of growth in a field site. The trait data 

and AFLP genotypes were used for QTL detection and analysis in the parental genetic maps. In 

addition, a principal component analysis was performed on the NIR spectral data of each 

backcross family and the data used to map QTLs for NIR spectral variation. A total of 18 QTLs 

for NIR predicted wood properties and NIR spectral variation were characterized in the parental 

maps of the E. globulus BC family, while 13 QTLs were detected in the E. grandis BC family. 

Many of the QTLs had effects on multiple, correlated wood property traits and on raw NIR 

spectral variation. Individual principal components of NIR spectral variation were correlated with 

groups of chemical and physical wood properties, and shared several large-effect QTLs with the 

individual wood properties. These QTL may represent key genetic loci that are involved in the 

genetic differentiation of wood properties between these two species. 
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PREFACE 

Eucalyptus tree species are grown extensively as exotics in tropical, subtropical and some 

temperate regions. They are some of the most productive forest species in the world. Up to 100 

m3 of biomass per hectare can be produced by superior genotypes cultivated on the best sites.  

Rotation times for fast-growing eucalypt plantations can be as short as 5 to 7 years. Eucalyptus 

species produce bleached kraft pulp that has excellent properties for the making of printing, tissue 

and other specialty papers. In many countries, eucalypt plantations are also of great economic 

importance in the production of charcoal and fuelwood, poles, mining timber and other solid 

wood products. High-density, short rotation eucalypt plantations may become important sources 

of bioenergy, particularly if the energy content of eucalypt wood can be increased through genetic 

engineering and marker-assisted breeding.  

 Much of the increased production in Eucalyptus wood and pulp over the past three decades 

has resulted from realization of the large genetic gains that are possible through interspecific 

hybridization and clonal propagation. This has allowed the utilization of the full genetic potential 

of superior genotypes and has increased the uniformity of eucalypt wood and paper products. The 

discovery and deployment of fast-growing eucalypt hybrids has mostly resulted from 

opportunistic crossing events in gardens, species trials or plantations. Superior individuals from 

these crosses have been vegetatively propagated in large numbers and form the basis of many 

clonal forest programs. Despite the great importance of interspecific hybridization for Eucalyptus 

tree improvement, we still lack a detailed understanding of the genetics of hybridization in 

Eucalyptus. This has limited the development of effective hybrid breeding strategies for the 

genus.  

Eucalypt plantations consist of trees that are essentially undomesticated, or in very early 

stages of genetic improvement. Large amounts of genetic variation still exist in natural 

populations and germplasm collections. In addition, favorable genetic variation may exist in 

related eucalypt species that are not planted commercially. These sources of genetic variation can 

be exploited for the genetic improvement of Eucalyptus plantations. Eucalyptus species are 

readily hybridized, even in wide crosses, through the removal of premating barriers to 

hybridization. Unfortunately, it has thus far not been possible to transfer desirable traits between 

related species of Eucalyptus as has been done in many crop plant species. Postmating barriers to 
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hybridization, such as the high amounts of hybrid breakdown often observed in F2 and later 

generations of eucalypt hybrids, have severely limited the possibility to apply backcross 

introgression approaches in Eucalyptus.  

The theory of quantitative genetics and methodology of forest tree breeding were almost 

exclusively developed in the context of intraspecific genetic variation, and have been applied very 

successfully in the genetic improvement of intraspecific breeding populations. However, the 

complexity of genomic interactions that occur during interspecific hybridization makes these 

methods difficult to apply in hybrid breeding programs. Methods are required to discover, 

characterize and manipulate allelic diversity and interactions among many different loci in hybrid 

genomes. Whole-genome analysis of the allelic composition of hybrid genomes can only be 

achieved through the power of new technologies that allow rapid genotyping of hybrid progeny 

with large numbers of molecular markers. 

This dissertation describes the results of a detailed molecular marker study of the genomic 

composition of two pseudo-backcross families of a wide interspecific hybrid of Eucalyptus. The 

Figure 1. Photograph of the F1 hybrid (tree BBT01058, Forestal Oriental SA, Uruguay) that was 
extensively characterized through genetic mapping in this research project. The picture was taken
in 1998 when the tree was five years old.  
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two backcross families were generated by crossing a superior F1 hybrid of a tropical species of 

Eucalyptus, E. grandis and a temperate species, E. globulus (Figure 1, also depicted on the 

dedication page of the dissertation) to selected trees of the parental species. The term pseudo-

backcross is used to indicate that these families were not the same as backcross families used in 

conventional line cross breeding. The original parents of the F1 hybrid could not be used as 

backcross parents, due to the large amount of inbreeding depression that would result from such a 

cross.  

The F1 individual used for backcrossing was selected from a large interspecific polymix cross 

of E. grandis × E. globulus and was one of a small number of very vigorous F1 individuals that 

also flowered early. The combination of E. grandis and E. globulus alleles contained in this 

superior F1 hybrid may therefore constitute a rare compatible, and possibly complementary 

combination of alleles sampled from the parental species in the polymix cross. However, it is not 

clear whether superior F1 individuals such as these are the most suitable parents for advanced 

generation hybrid breeding in Eucalyptus. The complexity of genomic interactions and large 

genetic variation for hybrid fitness in this wide cross were illustrated by the large amount of 

hybrid breakdown observed in the F2 progeny of the F1 hybrid.  It is possible that recombination 

of the E. grandis and E. globulus alleles in the F1 hybrid and segregation in the recurrent genetic 

backgrounds of the parental species generated new incompatible genetic interactions in the F2 

generation. 

Members of the two pseudo-backcross families each received a unique combination of the 

complete, haploid E. grandis and E. globulus genomes in the F1 hybrid. The pattern of 

segregation of molecular markers in the two pseudo-backcross families can be used to reconstruct 

the molecular marker haplotypes of the two parental genomes in the F1 hybrid. The molecular 

marker maps of the F1 hybrid and the two backcross parents obtained in this fashion provides a 

powerful tool for whole-genome, comparative analysis of genetic factors that affect hybrid fitness 

and wood properties in the F2 progeny. This approach formed the basis for the research project 

described in this dissertation and allowed us to achieve the following objectives: 

a. Construction of detailed, comparative genetic linkage maps of the F1 hybrid and the 

backcross parents. 

b. Determination of the extent of co-linearity of the diverged genomes of E. grandis and 

E. globulus. 
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c. Accounting of the distribution of hemizygous marker loci in the genome of the F1 

hybrid. 

d. Whole-genome analysis of segregation distortion observed in the F2 backcross families, 

and application of this information to characterize the effect and location of hybrid 

fitness factors in the genomes of the F1 hybrid and the backcross parents. 

e. Quantitative analysis of the substitution effect of E. grandis and E. globulus alleles in 

the two recurrent genetic backgrounds on chemical and physical wood properties 

predicted by near-infrared (NIR) analysis. 

f. Assessment of the use of high-throughput molecular marker technology for marker-

assisted breeding in advanced hybrid generations of Eucalyptus. 

 

The first phase of the research project involved the development of a high-throughput marker 

genotyping technique that would allow genomic analysis of approximately 350 individuals of 

each backcross family in a reasonable amount of time. Chapter 1 describes the modification of the 

amplified fragment length polymorphism (AFLP) technique for use in high-throughput 

genotyping of Eucalyptus trees on automated DNA sequencers. Chapter 2 is a report of the 

comparative genetic maps constructed of the F1 hybrid and of the two pure species parents using 

the modified AFLP protocol. Chapter 3 provides an account of the distribution of segregation 

distortion in the genomes of the F1 hybrid and the backcross parents. The location and effects of 

putative F1 hybrid sterility and F2 hybrid inviability factors in the parental genomes are reported, 

and the implications for the E. grandis × E. globulus hybrid breeding program discussed. The 

results of a quantitative trait locus (QTL) analysis of NIR predicted wood properties and NIR 

spectral variation are reported and discussed in Chapter 4. Finally, major conclusions of the 

research project are summarized in Chapter 5. 

All the chapters in this dissertation are being prepared as manuscripts for publication in peer-

reviewed journals as indicated at the beginning of each chapter. In addition, the following 

presentations and publications were produced during the course of this research project: 

 

MYBURG AA, O’Malley DM, Sederoff RR, Whetten RW. 2000. Comparative genetic mapping 
in interspecific backcross families of Eucalyptus using AFLP markers. Plant & Animal Genome 
VIII Conference, W8, January 9 -12. San Diego, CA. (Invited speaker at Forest Tree Genome 
Workshop). 
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MYBURG AA, O’Malley DM, Sederoff RR, Whetten RW. 2000. High-throughput AFLP 
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sequencers. Plant & Animal Genome VIII Conference, W114, January 9 -12. San Diego, CA. 
(Invited speaker at LI-COR Automated Genotyping Workshop). 

 
MYBURG AA, O’Malley DM, Sederoff RR, Whetten RW. 2000. High-throughput multiplexed 
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Conference, P544, January 9 -12. San Diego, CA. (Poster presentation). 

 
MYBURG AA, Griffin AR, Sederoff RR, Whetten RW. 2000. Genetic analysis of interspecific 

backcross families of a hybrid of Eucalyptus grandis and Eucalyptus globulus. In: ‘Hybrid 
Breeding and Genetics of Forest Trees. Proceedings of QFRI/CRC-SPF Symposium, 9-14th 
April 2000. Noosa, Queensland, Australia. pp. 462-466. (Poster and proceedings paper). 

 
MYBURG AA, Griffin AR, O’Malley DM, Sederoff RR, Whetten RW. 2001. Comparative 

genetic linkage maps of Eucalyptus grandis and Eucalyptus globulus. Plant & Animal Genome 
IX Conference, P544, January 13-17. San Diego, CA (Poster presentation). 
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(Invited speaker at Forest Tree Genome Workshop). 
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High-Throughput AFLP Analysis Using Infrared Dye-Labeled Primers 

and an Automated DNA Sequencer 

 

Alexander A. Myburg, David L. Remington, David M. O’Malley, Ronald R. Sederoff, and 

Ross W. Whetten 

 

North Carolina State University, Raleigh, NC, USA 

 

This chapter consists of a manuscript prepared for publication in the journal BioTechniques (30: 

348 – 357, 2001, Copyright©2001Eaton Publishing Co). I conducted all laboratory work, except 

for technical assistance acknowledged at the end of the paper, and wrote the manuscript. David 

Remington was responsible for the initial modification of the AFLP technique for use on 

automated DNA sequencers and wrote an earlier protocol that formed the basis for this 

manuscript. David O’Malley provided valuable suggestions on methods to increase the 

throughput of AFLP analysis, and was instrumental in acquiring the technology and software 

described in this manuscript. Ross Whetten supervised the research project and provided 

extensive suggestions on the organization and content of the manuscript. All the co-authors 

provided critical review of the manuscript.  

 

  

 



 

ABSTRACT 

Amplified fragment length polymorphism (AFLP) analysis is currently the most powerful and 

efficient technique for the generation of large numbers of anonymous DNA markers in plant and 

animal genomes. We have developed a protocol for high-throughput AFLP analysis that allows 

up to 70,000 polymorphic marker genotype determinations per week on a single automated DNA 

sequencer.  This throughput is based on multiplexed PCR amplification of AFLP fragments using 

two different infrared dye-labeled primer combinations. The multiplexed AFLPs are resolved on 

a two-dye, model 4200 LI-COR® automated DNA sequencer and the digital images are scored 

using semi-automated scoring software specifically designed for complex AFLP banding patterns 

(AFLP-QuantarTM). Throughput is enhanced by using high quality genomic DNA templates 

obtained by a 96-well DNA isolation procedure.  

INTRODUCTION 

The amplified fragment length polymorphism (AFLP) marker system (Zabeau and Vos 1993; Vos 

et al. 1995) has the highest multiplex ratio of all PCR-based marker systems. More than 100 

restriction fragments can be amplified simultaneously (Schwarz et al. 2000). The high multiplex 

ratio of AFLP analysis makes it the most efficient method for generating large numbers of 

anonymous DNA markers for use in genetic linkage and diversity studies. The efficiency and 

relatively low cost of AFLP analysis have enabled de novo genetic map construction in many 

species (Marques et al. 1998; Bert et al. 1999; Debener and Mattiesch 1999; Remington et al. 

1999; Lespinasse et al. 2000; Van Heusden et al. 2000; Schwarz et al. 2000) as well as the 

saturation of existing linkage maps (Keim et al. 1997; Qi et al. 1998; Boivin et al. 1999; Haanstra 

et al. 1999; Vuylsteke et al. 1999) and high-resolution mapping of genomic regions of interest 

(Ballvora et al. 1995; Meksem et al. 1995; Cnops et al. 1996; Simons et al. 1997; Bendahmane et 

al. 1997; Hartl et al. 1999). In addition, the marker system has provided a fast, low-cost approach 

for studying genetic diversity (Hartl and Seefelder 1998; Marsan et al. 1998; Breyne et al. 1999) 

and obtaining molecular phylogenies (Hill et al. 1996; Heun et al. 1997; Kardolus et al. 1998; 

Aggarwal et al. 1999). 

 Until recently, the potential throughput of AFLP analysis has been limited by the requirements 

of autoradiography and by inadequate gel analysis and scoring software. Fluorescent detection of 

AFLP fragments on gel scanners (Hartl and Seefelder 1998) alleviated the requirement for 

autoradiography, but was still limited in the number of samples that could be resolved per gel run. 

High-Throughput AFLP Genotyping 2



 

Recently, it was demonstrated that automated DNA sequencers could be used to simultaneously 

collect images of multi-mixed or multiplexed AFLP fragments labeled with different fluorescent 

dyes. This approach made it possible to resolve more than one sample per lane and to increase the 

throughput of AFLP analysis several fold (Huang and Sun 1999; Herbergs et al. 1999; Arnold et 

al. 1999; Schwarz et al. 2000).  

 We have developed a modified AFLP protocol based on infrared detection of AFLP fragments 

on automated DNA sequencers, as an alternative to autoradiography or fluorescent detection 

(Remington et al. 1999). Here we describe several modifications to the original AFLP protocol 

(Vos et al. 1995) that collectively allow an average throughput of up to 14,000 polymorphic 

marker genotype determinations per gel.  

MATERIALS AND METHODS 

Plant Materials 

Fresh leaf samples were collected from seedling trees of two interspecific backcross families of a 

hybrid of Eucalyptus grandis and E. globulus.  All plant materials were collected and shipped to 

North Carolina State University by Shell Renewables, Paysandú, Uruguay.  

96-well DNA Isolation 

Genomic DNA was extracted from leaves of Eucalyptus seedlings stored at 4°C for no longer 

than two weeks after collection. Approximately 50 mg of leaf discs were homogenized to a fine 

paste in 2-ml screwcap tubes containing 600 µL of buffer AP1 of the DNeasy® 96 Plant kit 

(QIAGEN, Valencia, CA, USA) and lysing matrix 2 (1/4" sphere + 1/4" cylinder) of the 

FastDNA® Kit (QBIOgene, Carlsbad, CA, USA). Twelve samples were homogenized at a time 

for 45 seconds in a FastPrep® FP120 Instrument (QBIOgene) set at 4.5 m/s. The rest of the 

extraction procedure was performed in 96-well format using the new QIAGEN DNeasy® 96 Plant 

kit, as prescribed by the manufacturers. Genomic DNA was eluted into 1-ml collection microtube 

racks in 200 µL (2 x 100 µL) of buffer AE (preheated to 70°C). This modified 96-well DNA 

extraction procedure allowed isolation of genomic DNA from 192 leaf samples in less than six 

hours.  
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Multiplexed AFLP procedure 

Restriction, ligation and preamplification reactions were performed essentially as described in the 

original AFLP protocol of Vos et al. (1995) with modifications described elsewhere (Marques et 

al. 1998; Remington et al. 1999). Preamplification reactions were performed with standard EcoRI 

(E+A) and MseI (M+C) adapter primers (Vos et al. 1995). The following thermocycling profile 

was used for selective preamplification: 28 cycles of denaturation for 15 s at 94°C, annealing for 

30 s at 60°C, and extension for 1 min at 72°C with a 1 s/cycle increase in the extension time. A 

final extension step of 2 min was performed at the end of the cycling program. The 

preamplification products were diluted 40-fold with low TE (10 mM Tris-HCl, pH 8.0, 0.1 mM 

EDTA).  

 The primer combinations used for final selective amplification were taken from a list of 24 

primer combinations previously selected by primer screening and used for linkage mapping in 

Eucalyptus (Marques et al. 1998). Twelve multiplex groups (two EcoRI primers and one MseI 

primer, each) were tested in two full-sib families of Eucalyptus trees (Table 1). Primer 

combinations that could not be multiplexed (unique EcoRI/MseI combinations) were used in 

single-dye reactions and multi-loaded during gel electrophoresis (see below). Standard EcoRI and 

MseI adapter primers with three selective nucleotides (i.e., E+ANN and M+CNN) were used for 

final selective amplification (Table 1). EcoRI primers were labeled with infrared dye IRDyeTM 

700 or IRDyeTM 800 (LI-COR, Lincoln, NE, USA).   

 Multiplexed, selective amplifications were performed in 10-µL reaction volumes containing 3 

µL of diluted preamplification products, 2.5 ng IRDye 700-labeled EcoRI primer, 3.2 ng IRDye 

800-labeled EcoRI primer, 30 ng MseI primer, 10 mM Tris-HCl pH 8.3, 50 mM KCl, 2.0 mM 

MgCl2, 0.2 mM of each dNTP and 0.6 U of Taq polymerase (Roche Molecular Biochemicals, 

Indianapolis, IN, USA). Single-dye reactions were performed exactly as above, but with only one 

IRDye-labeled EcoRI primer and 15 ng MseI primer. PCR reaction conditions were as follows: 

13 cycles of 10 s at 94°C, 30 s at 65°C (reduced 0.7°C per cycle) and 1 min at 72°C, followed by 

23 cycles of 10 s at 94°C, 30 s at 56°C and 1 min (extended 1 s per cycle) at 72°C.  All PCR 

reactions were performed in PTC-100TM thermal cyclers with heated lids (MJ Research, 

Waltham, MA, USA). 

Electrophoresis and detection of AFLP fragments 

AFLP fragments were resolved in 25-cm gels (0.25 mm spacer thickness) containing 8% Long 

RangerTM polyacrylamide gel solution (BMA, Rockland, ME, USA), 7.0 M urea and 0.8x TBE 
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(71.2 mM Tris, 71.2 mM boric acid and 1.6 mM EDTA). Final AFLP reaction products were 

dried under vacuum, mixed thoroughly with one volume of loading buffer (95% deionized 

formamide, 20 mM EDTA pH 8.0 and 1 mg/ml bromophenol blue), denatured for three minutes 

at 90°C and transferred to ice before loading. Disposable, 96-well KBPlus paper combs (LI-COR, 

Lincoln, NE, USA) were used for gel loading. Sample loading volume was set to between 0.6 µL 

and 0.8 µL, depending on the band intensity produced by the specific primer combination.  For 

single-dye reactions, IRDyeTM 800-labeled AFLP products were loaded and run into the gel for 

five minutes before loading IRDyeTM 700-labeled products. At least one lane per gel loading was 

loaded with 50 to 700 bp sizing standard (LI-COR) labeled with the corresponding IRDye.  

 Electrophoresis and detection were performed on a two-dye, model 4200 LI-COR® automated 

DNA sequencer. Run parameters were as follows: 1500 V, 35 mA, 42 W, 48°C, signal channel 3 

and motor speed 3. A total of eight frames of image were collected per gel loading with the pixel 

depth set to 16-bit. Approximately three and a half hours after the first loading, electrophoresis 

and image collection were stopped and a second set of samples loaded using the same gel and 96-

well comb used for the first loading.  

Scoring of digital AFLP gel images 

Digital AFLP gel images were scored to obtain binary (band presence/absence) data using the 

AFLP-QuantarTM software program (version 1.05, KeyGene products B.V., Wageningen, The 

Netherlands). Lane definition and band sizing were performed as described in the user manual. 

The minimum band ratio for scoring a “+” (band present) was set to 0.22 and the minimum band 

ratio for scoring a “?” (unsure/missing data) was set to 0.18. All lane positions with intensity 

ratios of less than 0.18 of the maximum band intensity (set to 1.0) within the particular size class 

were automatically scored as “-“ by the software. Semi-automated scoring was performed by 

manually clicking on polymorphic fragments present in either of the two parents (included in lane 

1 and 2 of each image). Subsequent images with AFLP lanes produced with the same primer 

combination were automatically scored using the “CopyScore” command of AFLP-Quantar. All 

the software-assigned scores were reevaluated using the “Zoom Window” function of AFLP-

Quantar. Band size, presence and absence data, and lane names were exported directly to a 

spreadsheet program and reformatted for use in mapping software. Two 96-well gel images were 

each scored twice by independently repeating the whole scoring procedure in AFLP-Quantar. 

These results (Table 2) were used to establish the reproducibility of semi-automated band scoring 

using AFLP-Quantar. 
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RESULTS AND DISCUSSION 

There are three main requirements for a high-throughput AFLP genotyping system: (i) a high-

throughput DNA extraction procedure that produces high-quality DNA suitable for the restriction 

and ligation steps of AFLP analysis, (ii) a robust, high-throughput amplification and fragment 

analysis system and (iii) accurate, automated scoring software. The development of this high-

throughput genotyping protocol relied heavily on meeting these requirements with the best 

combination of technologies available.  

96-well DNA isolation 

The high-throughput DNA isolation procedure yielded consistent amounts (between 5 and 10 µg) 

of high-quality DNA.  The high quality of the DNA samples significantly reduced the observed 

failure rate (to less than 2%) during the restriction and ligation steps of AFLP analysis. This 

increased the overall throughput of the genotyping protocol by reducing the need to rearray or 

fill-in failed samples. Most DNA samples were kept in the same 96-well order through DNA 

isolation, AFLP analysis and gel electrophoresis. This made sample tracking and record keeping 

easier and less prone to error. 

Multiplexed AFLPs using infrared dye-detection on automated DNA sequencers 

The detection of AFLP fragments using infrared technology offers several advantages over 

conventional detection using autoradiography. In particular, the use of radioactivity is eliminated 

and gel images are available for analysis immediately after gel electrophoresis. Our multiplexed, 

selective amplification procedure (Figure 1) was designed to complement the two-dye detection 

capability of LI-COR automated sequencers. The ability to collect gel images in two channels and 

to load gels twice allowed us to resolve and capture 384 lanes of AFLPs on a single 25-cm 

acrylamide gel (Figure 2).  

 One primer combination, E+ATT/M+CCA, did not produce scorable banding patterns when 

multiplexed with E+ACC/M+CCA (multiplex group C, table 1), but did produce reliable results 

when multiplexed with E+ATC/M+CCA (multiplex group F). The apparent competition effect 

between E+ATT and E+ACC may be due to differences in the Tm of the selective nucleotides, 

which offers a selective advantage to the E+ACC primer during the “touch down” phase of the 

PCR program. This suggests that multiplex pairs should be chosen on the basis of similar 

predicted Tm of the labeled primers.  
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 Banding patterns resulting from multiplexed amplification were identical to those obtained 

with single-dye reactions, except for a very infrequent occurrence of additional fragments 

observed in multiplexed reactions (results not shown). These bands may result from EcoRI-

800/EcoRI-700 amplification, although these events are expected to occur at a very low 

frequency.  

 To test the reproducibility of the AFLP banding patterns, two independent DNA samples were 

obtained from each of two Eucalyptus trees. These DNA samples were analyzed independently 

using the protocol described above. The final amplification products of the repeats were loaded 

side by side and resolved on a LI-COR automated sequencer. The resulting banding patterns 

(Figure 3) were analyzed to determine the proportion of reproducible AFLP bands. Of a total of 

1465 AFLP bands evaluated, 1452 (99.11%) were identical between the two repeats of each 

genotype, while 13 (0.89%) were present in only one of the two repeats. 

 The primer combinations used to construct the multiplex groups given in Table 1 were 

restricted to a previously published set of primer combinations for Eucalyptus (Marques et al. 

1998). A much larger number of multiplex groups is possible when considering all 

E+ANN/M+CNN combinations.  

Semi-automated scoring of AFLP images 

Infrared detection of labeled AFLP fragments on LI-COR automated sequencers produced clear, 

discrete banding patterns (Figure 4) that were suitable for semi-automated scoring using 

dedicated scoring software. AFLP-Quantar is the first commercially available software package 

specifically developed for analysis and scoring of complex AFLP banding patterns. In our 

experience, lane definition, band sizing and semi-automated scoring of 96-well images 

(approximately 3500 marker genotype determinations each) could be completed within 20 

minutes using AFLP-Quantar. However, an additional 20 minutes per gel image was required to 

reevaluate all the software-assigned scores.  

 The reproducibility of semi-automated scoring was high. More than 97% of marker genotype 

determinations were identical in two repeats (Table 2). The percentage of non-reproducible 

marker genotype determinations (1.15%) provides an upper bound for the true error rate of 

scoring, because some proportion of these scores are expected to be correct. The rest of the non-

reproducible marker genotypes represent a low amount of missing (unsure) data (less than 1.0% 

within each repeat) and is not expected to significantly reduce the accuracy of the mapping data.  
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 Large mapping or genotyping projects often require the analysis of AFLP banding patterns 

across several gel images. This process can be time-consuming and prone to error due to gel-to-

gel variation in band migration. The CopyScore command of AFLP-Quantar increased 

throughput and accuracy of scoring by allowing automatic scoring of the same set of markers on 

all subsequent images of the same primer-enzyme combination. This was achieved by visually 

aligning link lanes (identical samples) run on all the gels of the same primer-enzyme 

combination. This procedure reduced analysis time to less than 15 minutes per 96-well image (not 

including re-evaluation and editing). 

AFLP marker throughput achieved 

An average of 76 AFLP fragments were detected per lane, of which 37 (48%) were polymorphic 

(Table 1). Therefore, the average throughput achieved was 29,184 marker genotype 

determinations per gel (76 fragments per lane x 96 lanes per image x 4 images per gel), of which 

14,208 were polymorphic. The average run-time for two loadings on a single 25-cm gel was 

seven hours. Allowing for one gel (two loadings) per day, a total of approximately 146,000 

marker genotypes (70,000 polymorphic marker genotypes) can be evaluated in a five-day week 

using this protocol. The same throughput can be maintained with single-dye reactions that are 

multi-loaded, although this approach requires twice the number of PCR reactions.  

 We have therefore succeeded in doubling the multiplex ratio of AFLP analysis and 

quadrupling the throughput of the marker system, while significantly reducing the cost per marker 

genotype determination. This throughput, in terms of total number of fragments analyzed per gel, 

should be applicable to most other species. The total number of AFLP fragments per lane will 

depend on the genome size and on the number and composition of selective nucleotides used. The 

number of polymorphic fragments per lane, however, will depend on the genetic diversity among 

the parents of mapping populations or samples analyzed.  
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TABLES 

 

Table 1 

Muliplexed AFLP primer combinations tested in Eucalyptus 

Multiplex 
group 

IRDyeTM- 
label 

EcoRI primera 
selective 

nucleotides 

MseI primerb 
selective 

nucleotides 

Number of 
fragments 

scoredc 

Total number of 
fragments on 

gel image 
A 700 ACA CCA 49 74 
A 800 ACG CCA 33 52 
B 700 ACA CCA 47 90 
B 800 ACC CCA 30 61 
C 700 ATT CCA - - 
C 800 ACC CCA 31 53 
D 700 ACT CCA 34 81 
D 800 ATC CCA 44 107 
E 700 ACT CCA 36 78 
E 800 ATG CCA 52 100 
F 700 ATT CCA 39 109 
F 800 ATC CCA 51 107 
G 700 ACA CCC 42 69 
G 800 AAC CCC 32 55 
H 700 AGC CCG 24 68 
H 800 AAA CCG 36 70 
I 700 ATT CCT 30 91 
I 800 AAC CCT 34 68 
J 700 ATT CCT 53 96 
J 800 AAG CCT 50 104 
K 700 ACA CCT 25 61 
K 800 AAG CCT 38 89 
L 700 ACA CGG 15 31 
L 800 AAG CGG 20 46 

   average = 37 76 
a The EcoRI adapter primer sequence without selective nucleotides was 5’-GACTGCGTACCAATTC-3’ 
b The MseI adapter primer sequence without selective nucleotides was 5’-GATGAGTCCTGAGTAA-3’ 

c Only polymorphic fragments that followed expected inheritance patterns and amplified reliably were scored 

(an average of 48.0% of the total number of fragments per gel image were scored).  
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Table 2  

Reproducibility of semi-automated scoring using AFLP-Quantar 

Reproducibility Totala Percentageb 

Number of identical marker genotype determinations  (++ or --) 5579 97.28 

Number of bands scored absent in first and present in second repeat 22 0.38 

Number of bands scored present in first and absent in second repeat 44 0.77 

Total number of non-reproducible data points 66 1.15 

Number of marker determinations (scored either + or -) in both repeats 5645 98.43 

   

Unsure/missing data Total Percentage 

Number of marker determinations (scored either + or -) in both repeats 5645 98.43 

Number scored “?” (unsure) in both repeats 6 0.10 

Number scored present (+) in one and unsure (?) in other repeat 37 0.65 

Number scored absent (-) in one and unsure (?) in other repeat 47 0.82 

Total number of unsure (?) data points in either repeat 90 1.57 

Total number of AFLP marker genotype determinations evaluated 5735 100 
a A total of 185 AFLP lanes across two images were each scored twice for the same 31 polymorphic AFLP 

fragments using the same scoring procedure. 
b All percentages are calculated as fractions of the total number of AFLP marker genotypes evaluated 

(5735). 
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Figure 1. Outline of multiplexed AFLP analysis using infrared dye-labeled primers. 

 

 

 

High-Throughput AFLP Genotyping 14



 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. LI-COR TIFF images containing 384 lanes of AFLP fragments resolved on a single 25-
cm acrylamide gel. The gel images were collected in the IRDyeTM 700 (top) and IRDyeTM 800 
(bottom) channels of a two-dye (model 4200) LI-COR® automated sequencer. The AFLP 
fragments were the products of multiplexed final amplification reactions containing EcoRI-
adapter primers E+ACA (IRDye 700) and E+ACG (IRDye 800), and MseI-adapter primer 
M+CCA. Gel images on the left were collected after the first loading. Gel images on the right 
were collected after the second loading. 
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Figure 3. Reproducibility of AFLP profiles produced with infrared dye-labeled selective primers. 
Section of a gel image (IRDyeTM 800 channel) containing AFLP profiles obtained with four 
primer combinations. Each pair of lanes contains two independent repeats of the same Eucalyptus 
genotype (samples were analyzed independently from DNA extraction through final selective 
amplification). Two genotypes were tested with each primer combination. Solid arrowheads 
indicate differences between the two repeats. 
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Figure 4. Section of a 96-well LI-COR tiff image showing details of AFLP fragments in the 
range 200 bp to 350 bp. The first two lanes contain AFLP fragments of the parents of a full-sib 
family of Eucalyptus trees. The other 94 lanes contain AFLP products of their full-sib progeny. 
The two outside lanes on each side contain IRDyeTM 800-labeled molecular weight marker (LI-
COR, Lincoln, NE, USA). 
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ABSTRACT 

Genetic mapping of F1 hybrids of wide interspecific crosses allows genome-wide analysis of 

patterns of genetic differentiation between diverged species. This presents a powerful tool to 

study the genetic basis of postzygotic isolating barriers such as F1 hybrid sterility and F2 hybrid 

breakdown. We have constructed paternal and maternal genetic maps of an F1 hybrid of the wide 

interspecific cross of two commercially important Eucalyptus species, E. grandis and E. globulus 

spp. globulus. More than 1200 distinct amplified fragment length polymorphism (AFLP) 

fragments were genotyped in two F2 pseudo-backcross families of E. grandis and E. globulus 

using infrared-dye labeled primers and automated DNA sequencers. Conventional backcrosses 

were not carried out due to severe inbreeding depression in this outcrossing genus. However, the 

pseudo-backcross approach allowed rapid construction of de novo comparative genetic linkage 

maps of the F1 hybrid and the two pure species backcross parents using shared testcross and 

intercross markers. We used a framework mapping approach to obtain high confidence testcross 

marker maps of all three parents, and applied a bin mapping approach to place accessory markers 

in the comparative framework maps. No gross chromosomal rearrangements between the 

diverged species were detected and overall recombination rates did not differ significantly 

between the F1 hybrid and the parental species. However, severe heterogeneity in recombination 

frequency was observed in some linkage groups and 30% of mapped AFLP markers showed 

significant non-Mendelian segregation ratios. The physical genome sizes of the two eucalypt 

species were previously shown to differ by approximately 20% and a corresponding proportion of 

AFLP loci in the F1 hybrid were expected to be in hemizygous state. We obtained evidence for a 

dispersed distribution of hemizygous AFLP markers in the E. grandis homolog of the F1 hybrid 

relative to the E. globulus homolog. Finally, we established a selective mapping set of individuals 

with complementary recombinational breakpoints. This set of 2 × 46 individuals can be used to 

place candidate genes and additional marker loci in the comparative framework maps at a 

resolution of less than 5 cM. 

INTRODUCTION 

Patterns of genomic differentiation, i.e. changes in sequence and structure of genetic material 

between related plant species have profound implications for the evolution of adaptive traits and 

reproductive barriers (Whitkus 1998; Kim and Rieseberg 1999). Molecular marker analysis of 
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interspecific hybrids and their progeny provides a powerful approach to characterize genomic 

differentiation between parental species. The segregation of fixed genetic differences and 

interactions between diverged genomes can be analyzed in detail in genetic maps of F1 and later 

generation hybrids. This approach has provided valuable insight into the genetic basis of 

reproductive isolating barriers, hybrid vigor and transgressive segregation in natural and 

experimental hybrids (Rieseberg et al. 2000).  

Interspecific hybridization has had a considerable impact on the domestication of plant species 

and agricultural production. Likewise, hardwood tree crops have been greatly improved by 

interspecific hybridization and clonal propagation. Fast growing hybrids of Eucalyptus and 

Poplar species are some of the most valuable crops in the world. Commercial interest in these 

species and the wide spectrum of genetic resources available in these two hardwood genera make 

them ideal model woody plant systems.  

Early successes of exotic plantations of Eucalyptus tree species, and the spectacular genetic 

gain achieved through interspecific hybridization of eucalypt species (Brandao et al. 1984), 

resulted in the widespread establishment of eucalypt plantations in tropical and subtropical 

regions (Eldridge et. al. 1993). Today, a small group of species within the genus Eucalyptus 

forms the basis of the most valuable hardwood plantation industry in the world (Cotterill and 

Macrae 1997).  

Interspecific hybridization remains a productive approach towards the genetic improvement of 

eucalypt plantations. However, very little information is available on the genetic basis of hybrid 

superiority in Eucalyptus and the potential of molecular marker technology to introgress 

favorable characteristics from related eucalypt species. Comparative genetic mapping of related 

Eucalyptus species (Grattapaglia and Sederoff 1994; Verhaegen and Plomion 1996; Marques et 

al. 1998; Brondani et al. 1998) and QTL analysis of F1 and advanced generation hybrids can be 

used address these questions. It also presents an ideal opportunity to study genomic 

differentiation in this woody plant genus.  

The most successful interspecific hybrids of Eucalyptus have resulted from crosses between 

species within three of the nine sections of the subgenus Symphyomyrtus that contain most of the 

commercially planted species of Eucalyptus (Eldridge et al. 1993). The E. grandis × E. globulus 

spp. globulus interspecific hybrid that forms the focus of this study results from a relatively wide 

interspecific cross between members of two different sections of Symphyomyrtus. E. grandis is a 

subtropical species and a member of the section Transversaria, while E. globulus is a temperate 
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species and a member of the section Maidenaria. The estimated physical genome sizes of E. 

grandis and E. globulus differ significantly (640 Mbp vs. 530 Mbp) (Grattapaglia and Bradshaw 

1994) and a significant amount of genetic material in the F1 hybrid of these two species is 

expected to be in a hemizygous state.   

Both prezygotic and postzygotic reproductive barriers restrict gene flow between present day 

members of the two species, but controlled pollination can overcome these barriers and produce 

interspecific progeny (Griffin et al. 1988; Harbard et al. 1999). E. globulus spp. globulus   

exhibits unilateral cross-incompatibility with many eucalypt species including E. grandis. The 

flower parts of E. globulus are significantly larger than most other eucalypt species and the pollen 

tubes of small-flowered species do not grow sufficiently long to make fertilization possible (Gore 

et al. 1990).  

From a breeding perspective, the E. grandis × E. globulus cross creates the opportunity to 

combine favorable growth and adaptability characteristics of E. grandis with superior wood 

properties of E. globulus. This interspecific cross also provides an ideal opportunity to study the 

genetic architecture of hybrid inviability and hybrid breakdown often observed in wide 

interspecific crosses of Eucalyptus (Griffin et al. 1988; Potts et al. 2000). 

In this paper we describe an interspecific backcross approach to obtain detailed genetic maps 

of a hybrid of two outbred species. The “pseudo-backcross” approach is based on backcrossing an 

F1 hybrid individual with individuals of the parental species. These individuals are typically not 

the actual parents of the hybrid, but unrelated individuals to avoid inbreeding depression often 

observed in outbred plant species (Charlesworth and Charlesworth 1987; Hardner and Potts 

1995). Large numbers of dominant molecular markers can be analyzed in the two backcross 

populations using a simple line cross model and the marker data used to construct genetic linkage 

maps of the parents (Grattapaglia and Sederoff 1994). The unique marker configuration presented 

by the pseudo-backcross approach allows rapid alignment of all the parental maps. Phase 

information can be obtained by genotyping at least one of the original pure species parents of the 

F1 hybrid. Additional integration can be achieved by genotyping co-dominant markers such as 

microsatellites and other sequence-based markers in the two backcross families. This mapping 

approach therefore yields comparative, phase-known, molecular framework maps that are 

powerful tools for describing the genetic basis for differences in fitness and production traits 

between the parental species. 
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We report the first detailed molecular marker map of a wide interspecific hybrid of  

Eucalyptus. Phase-known, paternal and maternal genetic maps of the F1 hybrid of two 

commercially important eucalypt species, E. grandis and E. globulus spp. globulus are presented, 

together with the genetic maps of the E. grandis and E. globulus backcross parents. We 

demonstrate the efficient use of the pseudo-backcross approach to obtain comparative genetic 

maps of all three parents involved in the outbred pedigree. We also provide a detailed description 

of marker clustering and account of the distribution of hemizygous loci in the hybrid genome. 

Finally, we report the establishment of a selective mapping population that will be useful for 

placing candidate genes and additional molecular markers in the framework maps presented here.  

MATERIALS AND METHODS 

Plant material 

All plant materials used in this study were generated by Shell Forestry and maintained by Shell 

Uruguay Renewables SA at a field site near Paysandu, Uruguay. Except where noted otherwise, 

all tree numbers and family numbers are for plant materials provided by Forestal Oriental SA, 

Uruguay. A large interspecific F1 hybrid progeny set was produced in 1992 by controlled-

pollination of selected E. grandis mother trees with two 10-tree E. globulus pollen mixes (Griffin 

et al. 2000). A single superior F1 individual, tree BBT01058 from the progeny of E. grandis 

mother tree G50 (CSIR, South Africa), was selected for backcrossing to unrelated individuals in 

the parental species (Figure 1). The hybrid tree was used as the female parent in the backcross to 

E. globulus tree 78 (Forestal Y Agricola Monte Aguila S.A., Chile), which was used as a male 

parent. In the backcross to E. grandis, the hybrid was used as a male parent, while E. grandis tree 

678.2.1 was used as a female parent. The two backcrosses were made in this direction to avoid 

the unilateral crossing barrier (Gore et al. 1990) between the large-flowered E. globulus spp. 

globulus and small-flowered E. grandis parents.  

A total of 450 seedlings of the E. grandis backcross (BC) family 2162 and 484 seedlings of 

the E. globulus BC family 2395 were grown in trays in a seedling nursery. Leaf samples were 

obtained from the seedlings before they were planted out in a field site for phenotypic evaluation. 

The leaf samples were shipped at ambient temperature to North Carolina State University in 

sealed plastic bags. Whatman filter paper was included in each plastic bag to absorb free water. 

Upon arrival, the leaf samples were kept for up to one week at 4°C until DNA extraction.  
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Isolation of genomic DNA and high-throughput AFLP genotyping 

DNA isolation and organization of samples 

DNA extraction was performed as described elsewhere (Myburg et al. 2001). Briefly, after 

homogenization of fresh leaf material using a FastPrep® FP120 Instrument (QBIOgene, Carlsbad, 

CA, USA), high quality genomic DNA samples were obtained using a 96-well DNA isolation 

method as implemented in the DNeasy® 96 Plant kit (QIAGEN, Valencia, CA, USA). Genomic 

DNA was eluted in 200 µL of low salt buffer (buffer AE, QIAGEN) in 96-well format and 

quantified by comparison to concentration standards on a 1% agarose gel. A total of 192 samples 

can be extracted in one day using this procedure. 

The DNA samples of each backcross family were distributed into four 96-well blocks. Each 

block contained DNA samples of the two parental trees of the particular family and DNA samples 

of 94 backcross progeny. Two blocks of each family were genotyped for linkage map 

construction.  

AFLP analysis  

We used a modification of the original AFLP procedure (Zabeau and Vos 1993; Vos et al. 1995) 

that allows high-throughput AFLP genotyping based on infrared detection of labeled AFLP 

products on automated DNA sequencers (Myburg et al. 2001). This procedure was used to obtain 

AFLP banding patterns produced by 24 EcoRI/MseI (+3/+3) selective primer combinations 

(Table 2) for all the individuals included in the mapping set. The 24 AFLP primer combinations 

were previously selected by primer screening in Eucalyptus (Marques et al. 1998). Where 

possible, AFLP reactions were multiplexed by using two different EcoRI adapter primers labeled 

with infrared dye IRDyeTM 700 and IRDyeTM 800 (LI-COR, Lincoln, NE, USA) together with a 

single unlabeled MseI adapter primer for final, selective amplification. AFLP gel (TIFF) images 

were collected on one- (model 4000) and two-dye (model 4200) LI-COR automated DNA 

sequencers.  

Semi-automated scoring of gel images 

The LI-COR TIFF images were scored using the AFLP-QuantarTM software program (version 

1.05, KeyGene products B.V., Wageningen, The Netherlands). The threshold band intensity for  

semi-automated scoring of a band presence (+) was set to 22% of the maximum band intensity in 

the fragment size class, while band intensities of less than 18% were automatically scored as band 
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absent (-). Bands with intensities between 18% and 22% of the maximum intensity were scored as 

“unsure” data points by the software. The “unsure” data points, labeled “?”, were subsequently 

reevaluated manually and treated as missing data points if a reliable marker score was not 

possible. Finally, a quality indicator was added to the name of each marker. Fragments that were 

well separated from other fragments, gave exceptionally clear, bright segregation patterns, and 

were scored unambiguously by AFLP-Quantar were labeled (f) as putative framework quality 

markers. Fragments that were close to other polymorphic or monomorphic fragments, or required 

manual editing after semi-automated scoring were labeled (a) as putative accessory quality 

markers. These quality indicators were later used during framework marker selection to enrich the 

framework marker sets with AFLPs that are suitable for semi-automated scoring (see below). 

Fragments that could not be scored reliably, or contained an excess of “unsure” scores were 

excluded from the study. Band size, presence and absence data, and sample names were exported 

to a spreadsheet program and reformatted for mapping software packages.  

De novo framework map construction 

Mapping approach 

For framework map construction, each backcross family was analyzed using the “two-way 

pseudo-testcross” mapping approach (Grattapaglia and Sederoff 1994). The AFLP data set of 

each backcross family was divided into three parts based on the parental genotype of each AFLP 

fragment: (a) 1:1 segregating (testcross) fragments present only in the F1 hybrid, (b) 1:1 

segregating (testcross) fragments present only in the backcross parent, and (c) dominant 3:1 

(intercross) markers present in both parents of the backcross family. Due to the interspecific 

nature of the backcrosses, each two-way pseudo-testcross consisted of an interspecific testcross of 

donor vs. recurrent genetic material, and an intraspecific testcross. The four testcross marker data 

sets obtained from the two backcrosses were used for construction of four separate single-tree 

framework linkage maps; i.e. a maternal map of the E. grandis backcross parent, a paternal map 

of the E. globulus backcross parent, and a paternal and maternal map of the F1 hybrid. The 

intercross fragments were only used for comparative mapping of the two parental maps of each 

backcross (see below).  

Comparative Genetic Maps of E. grandis and E. globulus
 

25



 

Data quality control (missing data and segregation analysis) 

All backcross individuals with a combined total of more than 10% missing and unsure marker 

data were dropped from the input data sets before framework map construction in MAPMAKER 

version 2.0 for Macintosh (Lander et al. 1987). A chi-square analysis was performed on all AFLP 

fragments to test for departure from the expected Mendelian segregation ratios inferred from the 

parental marker configuration of each AFLP fragment (1:1 for testcross fragments and 3:1 for 

intercross fragments). A large proportion of fragments with distorted ratios of segregation was 

expected and indeed observed in this wide interspecific pedigree. Distorted fragments were 

consequently included in all the phases of linkage map construction. 

Marker grouping 

The four parental marker data sets were each duplicated and the marker data recoded to allow 

MAPMAKER to detect linkage in repulsion phase. The recoded markers were labeled with a 

phase indicator (r) for use in framework marker selection (see below). The F2 backcross model of 

MAPMAKER was used for grouping and marker ordering. Based on the number of markers (n) 

in each parent marker set, an initial threshold map distance of 30 cM and initial estimated genome 

length (L) of 1400 cM, threshold p-values (α) for linkage evaluation and marker grouping were 

calculated for each data set using: 
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where C is the haploid chromosome number and a is the target, experiment-wide likelihood of 

obtaining false linkages (Remington et al. 1999). The p-values obtained all corresponded to LOD 

thresholds of approximately 6.5. Marker grouping was subsequently evaluated in MAPMAKER 

for each parental map at LOD linkage thresholds of 7.0 to 12.0 in steps of 1.0. All of the mapping 

sets were separated into at least 11 major linkage groups at LOD thresholds ranging from 10.0 to 

12.0. Marker ordering and framework marker selection were subsequently performed on the 

groups obtained at these thresholds and maximum recombination fractions of θ = 0.40. Smaller 

linkage groups were later joined to the end of larger linkage groups by evaluating linkage of end 

markers at lower LOD support. 
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Framework marker selection and marker ordering 

The criteria used for framework marker selection in each linkage group was as follows: After 

initial ordering of all the AFLP fragments in a linkage group using the “First Order” command of 

MAPMAKER, internal markers that expanded the map length by more than 7.0 cM (based on 

output from the “Drop Marker” command) were removed one by one from the linkage group. The 

“First Order” command was repeated after removing each marker. Support for the order of 

remaining internal markers was subsequently evaluated using the “Ripple” function of 

MAPMAKER.  Markers that were too close to other markers to obtain a LOD interval support of 

at least 3.0 for all three-point orders involved, were removed from the map. The “First Order” 

command was repeated again after removing each marker. End markers were evaluated using the 

“TwoPoint/LOD Table” command of MAPMAKER. End markers that showed stronger pairwise 

linkage to internal markers other than their immediate neighbors were dropped. This process was 

repeated iteratively until all internal and end markers conformed to the framework marker criteria 

described above. Finally, all dropped markers were individually reinserted into the framework 

linkage map and reevaluated as putative framework markers. Where possible, consideration was 

given to the phase and quality indicators of AFLP fragments when choosing fragments to remove 

from regions with tightly linked markers.  

Species origin of linkage phases in the F1 hybrid 

The two linkage phases of the maps of the F1 hybrid represent haplotype maps of the E. grandis 

and E. globulus gametes that the hybrid tree received from its parents. The species origin of the 

AFLP fragments in the maps of the F1 hybrid was determined by genotyping E. grandis tree G50 

(Figure 1), the only known parent of the F1 hybrid. Fragments that were absent from tree G50, but 

present in the F1 hybrid, were inferred to have been inherited from the original E. globulus pollen 

parent. In all the linkage groups of the F1 hybrid, these fragments were found to be linked in 

coupling to each other and were present in only one of the two linkage phases. The opposite 

linkage phase always contained AFLP fragments that were shared between tree G50 and the F1 

hybrid. This result was consistent with the interpretation that the two linkage phases of each 

linkage group of the F1 hybrid represent the E. grandis and E. globulus homologs of particular 

chromosome. The species origin of all the testcross fragments in the maps of the F1 hybrid was 

subsequently inferred based on their linkage phase assignment.  
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Bias in map distances due to segregation distortion 

When only one locus in a pair of backcross markers is affected by segregation distortion, the 

classical estimate of recombination frequency (r), the proportion of recombinant individuals, is 

the best estimate of r (Lorieux et al. 1995; Liu 1998). However, when both loci are subject to 

selection, the classical estimate of r may be biased, especially in cases of strong selection. When 

markers are linked in coupling and selection is in the same direction for both loci, r will be biased 

downwards, while selection in opposite directions will result in an upward bias (Lorieux et al. 

1995).  In both cases, the method of Bailey (1949) provides a better, unbiased estimate of r, 

compared to the classical estimate. Bailey’s estimate of recombination frequency, , is the 

maximum-likelihood estimate (MLE) of r: 

Br̂

 

bcad
bcrB +

=ˆ  

 

where a, b, c, and d are the observed frequencies of marker phenotype classes AB, Ab, aB and ab, 

respectively (Bailey 1949). We used Bailey’s method to recalculate all framework map distances 

and evaluated the effect of segregation distortion on each framework marker interval. Map 

distances based on the classical estimate of recombination frequency were replaced by distances 

based on Bailey’s estimate for all affected marker intervals. In cases where a bias of 3 cM or 

more was introduced by segregation distortion, map figures were manually redrawn to correct for 

the bias.   

Bin mapping of accessory markers 

AFLP fragments that were not selected as framework markers were placed in framework marker 

intervals using the bin mapping function of the software program MapPop version 1.0 (Vision et 

al. 2000). MapPop is publicly available software that implements new methods for the 

construction of high-density whole-genome linkage maps based on framework mapping (Keats et 

al. 1991). New (accessory) markers are placed relative to a high-confidence framework linkage 

map and to each other in breakpoint-induced bins. A bin is defined as the smallest unit of 

resolution in a genetic map, i.e. bins are the intervals between ordered recombination breakpoints 

observed among the members of a given mapping progeny. MapPop first places new markers into 

framework intervals and then infers the order of breakpoints in each interval based on the 
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genotypes of the placed markers. A genotype pattern (or bin signature) is then assigned to each 

bin based on the constrained order of breakpoints in the framework interval. Finally, all new 

markers are placed in bins by matching their genotypes to the inferred bin genotypes, while 

allowing for rates of scoring error estimated by the user.  

Data preparation for bin mapping involved splitting each parental testcross data set into two 

input matrixes, a framework marker set with map distances indicated, and a putative accessory 

marker set. All repulsion phase (r) markers in the four framework marker sets were recoded to get 

all framework markers in the same linkage phase. Individual framework linkage groups of the F1 

hybrid maps were then recoded to the E. globulus linkage phase, i.e. band presence (1) associated 

with the presence of E. globulus alleles and band absence (0) associated with the presence of E. 

grandis alleles. Each putative accessory marker data set was duplicated and recoded to allow 

MapPop to place repulsion phase markers. Based on a previous estimate of scoring error in the 

same marker data (Myburg et al. 2001), an expected scoring error of 2% was used for the bin 

mapping procedure. MapPop output for each successfully placed marker included the map 

position, standard deviation of the placement, left flanking framework marker and probability of 

placement in the particular bin. MapPop output files were imported into a spreadsheet program 

and formatted to obtain the final map positions of all framework and accessory markers in table 

format. The bin mapping procedure of MapPop does not allow placement of accessory markers 

outside the terminal framework markers of each linkage group. AFLP fragments that were not 

successfully placed during the bin mapping procedure were evaluated for linkage to terminal 

framework markers using the “TwoPoint/LODs” command of MAPMAKER.   

Marker Distribution 
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To evaluate the distribution of successfully placed testcross markers in the parental maps, each 

parental map (of linkage groups arranged end-to-end) was divided into 50 arbitrary intervals of 

equal size based on the map table output of MapPop. All accessory marker placements outside 

terminal framework markers were ignored for this purpose. For each interval, the observed 

marker count (X) was compared to the expected marker count (mi) under the Poisson distribution. 

The probabilities P(X ≤ mi) and P(X ≥ mi) were evaluated under the cumulative Poisson 

distribution. Because this is a two-tailed test, intervals with probabilities of less than 0.025 

deviate from Poisson expectation at the α = 0.05 level. The same test was applied separately to 

markers in the E. grandis and E. globulus linkage phases of the F1 hybrid to evaluate the 

clustering of markers in the separate haplotype maps. A χ2 goodness-of-fit test was also 



 

performed for each map to test if the overall observed frequency distribution of marker count per 

interval fits the Poisson distribution.  

 A detailed description was obtained of small, dense clusters of markers observed in the four 

paternal maps. A small cluster of markers was defined as a region with three or more markers in a 

moving window of 5 cM and a maximum interval of 2.0 cM anywhere within the cluster. Many 

pairs of candidate allelic AFLP fragments were observed and these were each counted as a single 

locus for the purpose of defining small clusters of markers. Allelic AFLPs result from small 

insertions or deletions and are visible as pairs of fragments that are perfectly linked in repulsion 

and produced by the same selective primer combination. True allelic AFLPs can be confirmed by 

sequencing. To accommodate potential scoring error, a maximum spacing of 2.0 cM was allowed 

for declaring candidate allelic pairs.       

Synteny establishment and comparative mapping 

Alignment of the paternal and maternal maps of the F1 hybrid 

Linkage group synteny was first established among the linkage groups of the paternal and 

maternal map of the F1 hybrid by identifying shared testcross markers. These are AFLP fragments 

that were inherited from either the original E. grandis seed parent (G50) or the E. globulus pollen 

parent of the hybrid, but were absent from both the backcross parents, and therefore segregated in 

testcross configuration in both backcross families. Linkage groups of the paternal and maternal 

maps of the hybrid were manually aligned and connected through the shared framework markers. 

All maternal linkage groups were renumbered according to the corresponding paternal linkage 

group number.  

Alignment of the backcross parent maps with the maps of the F1 hybrid 

AFLP fragments that were present in both parents of a backcross family and segregated in a 3:1 

(intercross) ratio were used to establish synteny among the linkage groups of the two parents of 

the backcross family. The framework marker sets of the three parents were recoded to one of the 

two phases as described earlier. The intercross fragment data of each backcross was then recoded 

to allow detection of linkage to framework markers in MAPMAKER using the F2 backcross 

model. All band present scores of the intercross fragments were first recoded as missing data. The 

intercross data sets were then duplicated and the band absent data recoded to allow MAPMAKER 

to detect linkage in repulsion phase. On average, only 25% of individuals are expected to be 
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informative for linkage evaluation between a testcross marker and a dominantly scored intercross 

marker. This necessitated a lower LOD threshold for linkage than for pairs of testcross markers. 

The distance between each intercross marker and the nearest framework marker was determined 

with the “TwoPoint/Near” command of MAPMAKER using a LOD threshold of 5.0 and θ = 0.2. 

The most likely interval placement of the intercross marker was determined using the 

“Multipoint/Try” command of MAPMAKER. The approximate positions of intercross markers 

that could be placed in both parental maps of the particular backcross family were used to align 

the backcross parent maps to the already aligned paternal and maternal maps of the F1 hybrid. 

The resulting synteny groups were numbered according to the original number order of the 

paternal linkage groups of the hybrid. 

Estimated genome length and coverage 

The genome length of each parent was estimated using a modified estimator ( ) (Remington et 

al. 1999) that corrects the commonly used Hulbert estimate (Hulbert et al. 1988), as implemented 

in method 3 of Chakravarti et al (1991), for an upward bias related to chromosome ends: 
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where n is the total number of testcross markers in the parental set, d is the maximum observed 

map distance corresponding to the LOD threshold (Z) for declaring linkage, k is the number of 

marker pairs linked at LOD Z and C is the haploid chromosome number. 

The average framework marker spacing for each parental map was calculated by dividing the 

combined length of all linkage groups in each map by the number of framework marker intervals. 

Genome coverage was calculated for each map using  

 

c = 1- e-2dn/L, 

 

where c is the proportion of the genome within d cM of a framework marker, L is the estimated 

genome length and n is the number of framework markers in the map (Lange and Boehnke 1982). 
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Construction of a selective mapping set for E. grandis and E. globulus  

The selective mapping function of the MapPop software program (Vision et al. 2000) was used to 

select a subset of individuals in each backcross family with complementary recombinational 

breakpoints and a combined map resolution that approaches that of the full mapping set. MapPop 

uses a discrete stochastic optimization approach to obtain a set of individuals that would ideally 

have evenly spaced breakpoints throughout a previously constructed framework map. The 

combined framework marker data of the two parental framework maps of each backcross were 

used as input to ensure that the selective mapping set would be useful for mapping in either 

parent. The “SAMPLEMAX” command of MapPop was used to choose 46 individuals in each 

backcross family that minimized the maximum expected bin length in the two parental 

framework maps. A bin is defined the same way as for the bin mapping procedure described 

above. The expected (mean) bin length for each selective mapping set was obtained using the 

“SAMPLEEXP” command of MapPop.     

RESULTS 

AFLP marker analysis in the backcross families 

The high-throughput AFLP genotyping method (Myburg et al. 2001) produced digital gel images 

(Figure 2) of sufficient quality for semi-automated scoring using AFLP-Quantar. A total of 186 

individuals of the E. grandis BC family and 188 of the E. globulus BC family (2 x 96-well plates) 

were genotyped using 24 AFLP primer combinations (Table 2). One primer combination (E-

ATT/M-CCA) did not produce reliable banding patterns in the E. grandis BC family. An average 

of approximately 35 (50%) of the AFLP fragments produced by each primer combination were 

polymorphic and were scored in the backcross progeny. More than 800 polymorphic AFLP 

fragments were scored in each backcross family. A higher proportion of testcross (1:1) fragments 

segregated out of the hybrid than out of the backcross parent in each backcross (Table 3). This is 

consistent with the higher expected heterozygosity of the F1 hybrid relative to that of the two pure 

species parents. The E. grandis backcross parent shared more heterozygous AFLP loci with the 

hybrid than the E. globulus backcross parent and more intercross fragments were consequently 

obtained in the E. grandis BC family. Approximately 25% more testcross loci were polymorphic 

between the hybrid and the E. globulus backcross parent, than between the hybrid and the E. 

grandis backcross parent.  
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 The two backcross families shared a significant number of polymorphic AFLP fragments 

(Table 4). A total of 368 AFLP fragments (45%) in each family segregated as testcross and/or 

intercross markers in both families. Of these, 183 were shared testcross fragments in the maternal 

and paternal maps of the F1 hybrid. As expected from this wide cross, a much lower proportion of 

polymorphisms were shared between the pure species parents and only 2% of fragments were 

heterozygous in all three parents. A substantial number of fragments were mapped as testcross 

fragments in the maps of the F1 hybrid in one backcross and as intercross fragments in the other 

backcross family (Table 4). The total number of AFLP fragments with unique band sizes was 

1259. However, many pairs of candidate allelic AFLP fragments were observed (Table 4) and a 

conservative estimate of the total number of unique AFLP loci sampled from the two eucalypt 

genomes in this study is 1217.  

A relatively large proportion of testcross and intercross fragments were found to have 

segregation ratios that deviated significantly from expectation at the 0.05 level of significance 

(Table 3). In only a small number (less than 0.5%) of cases, distorted segregation of an AFLP 

fragment could be explained by its misclassification as a testcross or intercross marker due to 

misscoring of parental genotypes. The majority of distorted AFLP fragments were successfully 

mapped in the appropriate parental maps and are expected to be distorted due to linked hybrid 

viability and hybrid sterility factors segregating in the backcross families. 

Framework map construction  

Data quality 

Approximately 50% of scored AFLP fragments were classified as high quality (f) fragments 

based on the ease and apparent reliability of scoring using the semi-automated scoring procedure 

in AFLP-Quantar. Although this was a subjective procedure, it did allow us to enrich the 

framework maps with fragments of this class for the purpose of scoring these markers in a larger 

set of individuals. However, the majority of fragments from the apparently lower quality set (a) 

did satisfy the framework marker criteria in many map regions and were selected as framework 

markers to maximize map coverage (see below). This was especially true for the backcross parent 

maps that started with a smaller number of testcross fragments to choose from. The scoring error 

across both categories of AFLP markers was previously found to be smaller than 2% in the same 

data set (Myburg et al. 2001). 
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Some DNA samples yielded AFLP templates that were more prone to complete or partial PCR 

failure during final selective amplification. These lanes were not scored in AFLP-Quantar and 

were exported as missing data points. In addition, marker scores exported as unsure data (?) were 

recoded as missing data. Only individuals with more than 90% of scored data were included in 

the final testcross data sets (156 in the E. grandis BC and 177 in the E. globulus BC). This 

resulted in overall rates of missing data of approximately 3%, of which approximately half can be 

accounted for by data points scored as unsure (?) by AFLP-Quantar.   

Marker grouping 

For each parental testcross data set, a threshold p-value for two-point linkage declaration was 

calculated to reduce the experiment-wide likelihood of obtaining false linkages to less than a 

target value of 0.05. These values ranged from 1.2 x 10-8 to 4.2 x 10-8 in accordance with the total 

number of pairwise linkages in each parental set. This corresponded to LOD linkage thresholds of 

approximately 6.3 to 6.8. However, we found that LOD thresholds of 10.0 to 12.0 were required 

to separate the fragments in each parental set into at least 11 major groups. Several minor groups 

and single unlinked markers were also obtained at these conservative thresholds. After dropping 

AFLP fragments that did not meet our framework marker criteria (see below), we were able to 

join the majority of minor groups to major linkage groups by lowering the linkage threshold to 

LOD 7.0. Four minor groups in the backcross parent maps remained unlinked, but were joined to 

the ends of the appropriate major linkage groups by comparative mapping to the paternal and 

maternal linkage maps of the F1 hybrid (see below). Only one small group of four linked markers 

in the E. grandis BC parent remained unlinked to any other linkage group after comparative 

mapping. A number of single AFLP fragments in each parental set (2.3% average) remained 

unlinked to any group or any other fragment at LOD 7.0 (Table 5).  

Framework maps 

Four framework linkage maps were constructed, one for each of the pure species parents and two 

for the F1 hybrid. Each contained 11 major linkage groups, consistent with the haploid 

chromosome number of Eucalyptus. The proportion of testcross markers that were selected as 

framework markers ranged from 46% to 57% and the average spacing between framework 

markers ranged from 6.7 to 10.8 cM (Table 5). The higher number of testcross fragments 

segregating out of the hybrid provided more candidates for the selection of framework markers, 
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and as a result a higher proportion of high-quality (f) markers were included in the maps of the 

hybrid.  

Markers segregating out of the F1 hybrid were assigned to either the E. grandis or E. globulus 

linkage phase of each linkage group based on the phase of linkage determined in MAPMAKER 

and the genotype at each marker locus in the E. grandis seed parent of the hybrid (G50). The 

phase representation of markers in the maps of the hybrid was highly biased towards the donor 

linkage phase in each backcross (Table 6), especially in the case of the backcross to E. globulus 

where 72% of testcross markers were mapped to the E. grandis linkage phase. This is consistent 

with the expectation that more AFLP loci will be polymorphic in the interspecific testcross than 

in the intra-specific testcross.  

The maps of the backcross parents contain a small number of large framework marker 

intervals. These are genomic regions with low marker coverage where smaller linkage groups had 

to be added to larger linkage groups by lowering the LOD threshold for linkage or by 

comparative mapping to the more complete maps of the F1 hybrid.  

The total observed length of each parental framework map constructed in MAPMAKER is 

listed in Table 5. The observed map length of the hybrid corresponded well with that reported for 

E. grandis in previous studies (Table 1). The length of the E. grandis map is somewhat smaller 

that that reported earlier. This may be due to low map coverage at the end of several linkage 

groups (Figure 4). The E. globulus linkage map is significantly longer than previous observations 

(Table 1) partly due to a few regions of apparent map expansion that were observed for the E. 

globulus parent relative to the maternal map of the hybrid (Figure 4). The apparent excess of 

recombination in these regions was not due to segregation distortion and most of the markers 

involved were high quality (f) markers.   

Bias in map distances due to segregation distortion 

Mendelian segregation of pairs of unlinked markers in backcross configuration should yield a 

1:1:1:1 ratio for the marker phenotype classes AB:Ab:aB:ab.  This ratio may be disturbed by 

linkage between the two loci and by distorted ratios of segregation of either or both loci. Linkage 

can usually be easily distinguished from segregation distortion because it changes the joint 

distribution, i.e. the ratio of the recombinant classes (Ab+aB) relative to the parental classes 

(AB+ab), but not the single-marker segregation ratios (Lorieux et al. 1995). In the absence of 

segregation distortion, equal frequencies of parental and recombinant classes are expected 

(AB=ab and Ab=aB) at all levels of linkage.  The classical estimate of recombination is biased 
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when these frequencies are different. This bias is especially pronounced when distortion is in 

opposite directions, or when the difference in the level of distortion is large. We observed several 

framework marker pairs in each map with large differences between the recombinant classes, 

especially in regions with a steep increase in segregation distortion. The classical estimate of 

recombination frequency used by MAPMAKER was higher than that of Bailey’s estimate (Bailey 

1949) for all these marker intervals. Recombination estimates for pairs of markers that were 

severely distorted in the same direction were slightly higher for Bailey’s method than for the 

classical method.  Recalculation of map distances using Bailey’s estimate resulted in an overall 

decrease of only 5% in the total observed lengths of the parental framework maps (Table 5). 

However, individual interval distances were adjusted by up to 86%.  

Bin mapping of accessory markers 

The bin mapping procedure of the software program MapPop (Vision et al. 2000) provided a fast 

and efficient approach to place large numbers of accessory markers in the four parental 

framework maps. Given the framework map data and an expected error rate of 2%, MapPop was 

able to place an average of 85% of the remaining testcross fragments in framework marker 

intervals (Table 5). The testcross fragments that were not successfully placed by MapPop 

included fragments with true map positions outside of terminal framework markers and fragments 

with scoring error exceeding 2%. This group included all the fragments in each parental set that 

remained unlinked to any other fragments at LOD 7.0 during the marker grouping procedure 

(Table 5). A small number of these unlinked fragments (seven in the E. grandis BC family and 

two in the E. globulus BC family) could be explained by their inclusion in the wrong parental 

data set, due to scoring error in the parents. These fragments were successfully placed by MapPop 

in the framework map of the opposite parent of the particular backcross. However, the majority of 

the fragments not placed by MapPop were lower quality (a) fragments and may have significant 

amounts of scoring error, or may contain mixed banding patterns due to the comigration of two or 

more polymorphic fragments during electrophoresis. Furthermore, evaluation of linkage of these 

fragments to terminal framework markers revealed that very few could be confidently placed near 

to linkage group ends. This suggests that the majority of AFLP fragments selected as terminal 

framework markers do indeed represent the boundaries of reliable map coverage obtained in this 

study.   
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Marker Distribution 

We evaluated the distribution of all mapped testcross loci in each parental map by comparing the 

observed marker count to that expected under a Poisson distribution in each of 50 arbitrarily 

assigned map intervals. These intervals ranged from 26 to 29 cM, which corresponds to the 

maximum observed linkage distance observed at the conservative LOD threshold of 11.0 (Table 

5). We were therefore confident that markers in each interval were linked with high LOD support 

and therefore useful for the evaluation of marker clustering, even if the relative order of accessory 

markers within each interval was not accurate.  

We evaluated marker clustering in the E. grandis and E. globulus phases of the maternal and 

paternal maps of the hybrid separately. The results of the tests for marker distribution are listed in 

Table 6. When testing for clustering at the 0.05 level, 5% of intervals are expected to deviate 

from Poisson expectation. Most of the maps or linkage phases evaluated contained an excess of 

intervals (6% to 20%) with marker counts that deviated from Poisson expectation. Furthermore, 

the overall distribution of marker counts per interval did in most cases not fit a Poisson 

distribution. This suggests that EcoRI/MseI AFLP loci are clustered in the linkage maps of these 

three Eucalyptus trees. 

 Closer inspection of the distribution of markers in the maps of the F1 hybrid revealed the 

presence of many small clusters of markers with an excess of markers in the same phase of 

linkage, i.e. with the same species origin. In many cases these clusters contained pairs of tightly 

linked testcross markers in coupling phase and amplified with the same selective primer 

combination or by primer combinations with selective nucleotides that differed only by a single 

nucleotide.  

The total number of markers in small clusters (defined in Methods and Materials) differed 

greatly between the paternal and maternal map of the hybrid (Table 7). The apparent excess of 

tightly clustered testcross fragments (86) in the maternal map corresponded well with the overall 

excess of testcross fragments (92) in this map (Table 3). Furthermore, 79 (45%) more testcross 

markers were clustered in the donor (E. grandis) linkage phase of the maternal map than in the 

donor (E. globulus) linkage phase of the paternal map. The combined physical size of the E. 

grandis homologs of each chromosome pair in the hybrid genome is expected to be 20% greater 

than that of the E. globulus homologs (Grattapaglia and Bradshaw 1994). A substantial 

proportion of AFLP loci are therefore expected to be hemizygous in the hybrid genome and all of 

these loci should be polymorphic in the backcross to E. globulus. This is consistent with the 
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excess of testcross marker loci observed in the E. grandis linkage phase of the maternal map of 

the hybrid. 

Comparative maps 

The two-way pseudo-testcross mapping approach (Figure 3) allowed us to construct comparative 

maps of eleven syntenic linkage groups of E. grandis, E. globulus and the F1 hybrid (Figure 4). 

The relatively large proportion of shared testcross fragments in the paternal and maternal maps of 

the hybrid (Table 4) provided many positions where the two maps could be connected. A total of 

82 shared testcross fragments were selected as framework markers. The order of these markers 

did not differ between the two independently constructed parental maps of the hybrid (Figure 4).  

The linkage groups of the backcross parent maps were aligned to that of the F1 hybrid in each 

backcross through the use of shared intercross markers. Due to the low power to map dominantly 

scored intercross markers relative to a framework of testcross markers, we did not attempt to 

include intercross markers in the parental framework maps. Instead, we determined the distance 

and approximate position of each testcross marker relative to the nearest framework marker. Only 

a subset of the intercross markers were successfully located on both parental maps of each 

backcross. However, the approximate map positions of these markers were collinear with those of 

other similarly placed intercross fragments on the same linkage group. Furthermore, a substantial 

number of intercross fragments in each backcross were mapped with much higher confidence as 

testcross markers in the other backcross family (Table 4). This aided the comparative mapping 

effort by providing independently obtained, high confidence, map locations for intercross 

fragments that are more difficult to map confidently in the alternative backcross. In all cases the 

approximate position determined for the intercross fragment agreed well with that of the same 

testcross marker in the reciprocal backcross.  

Except for one small group of markers in the E. grandis BC parent, all minor linkage groups 

in the backcross parents that still remained unlinked after map construction were found to share 

intercross markers with linkage group ends of the F1 hybrid maps. We were able to use this 

information to place these small linkage groups at the ends of the appropriate major linkage 

groups of the backcross parents (Figure 4). 

Genome length and map coverage 

We used the pairwise linkage information of each parental testcross set to estimate the genome 

length of the parent tree using the method of Hulbert (Chakravarti et al. 1991) (Hulbert et al. 
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1988) and the modification described by Remington et. al. (1999) that corrects for an upward bias 

related to chromosome ends. A pairwise linkage threshold of LOD 11.0  was for the estimation of 

genome length, because all of the parental testcross sets were separated into at least 11 major 

linkage groups at LOD 11.0, and the set of pairwise linkages observed at this empirically 

determined threshold should include very few false linkages. The maximum map distance 

observed for pairs linked at LOD 11.0 ranged from 23.7 cM to 25.8 cM (Table 5). The 

Remington estimate of genome length was on average 11% lower than that of the Hulbert 

estimate. It also agreed well with the total observed map lengths based on Bailey’s estimate of 

recombination fraction, except in the case of the E. globulus map (Table 5).  

The genome size estimate of the F1 hybrid based on the maternal testcross set was 4% smaller 

than the estimate based on the paternal set. The observed length of the maternal map was also 9% 

smaller than that of the paternal map. This suggests a slightly lower overall rate of recombination 

during maternal meioses in the hybrid tree. The 82 framework markers shared between the 

paternal and maternal maps of the hybrid tree flank 71 shared framework marker intervals. A 

paired t-test of the difference in length of these shared map intervals suggested significant 

differences in recombination in several regions of the maps (P = 0.037) although the overall mean 

was not significantly different (P = 0.457). At least three regions located on linkage groups 7, 10 

and 11 (Figure 4) had adjacent marker intervals with lower recombination rates in the maternal 

map than the paternal map of the hybrid (Figure 4).  

We used the slightly longer Hulbert estimate of genome length to obtain conservative 

estimates of genome coverage for the framework maps (Table 5). On average, 99% of loci in all 

four maps are within 20 cM of a framework marker. The map coverage at 10 cM ranged from 

87% to 94%. These estimates of genome coverage are based on the assumption of random 

distribution of markers. Our evaluation of marker distribution based on all mapped testcross loci 

did show strong clustering of markers in parts of the genome (see below). Although the 

framework maps contain a highly selected, less clustered subset of testcross markers, some 

regions of the maps will have lower coverage than that estimated above.   

Selective mapping set for comparative mapping 

A selective mapping subset of 46 individuals of each backcross family was chosen based on the 

complementary distribution of recombinational breakpoints in each individual. The maximum 

expected bin length in the two parental maps of each backcross was used as the optimization 

criterion. The maximum bin length and expected (mean) bin length are good indicators of the 
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mapping resolution supported by each selective mapping set, because loci within each bin cannot 

be ordered relative to each other without additional mapping information. The resolution of each 

optimized set of 46 individuals chosen by the MapPop software program compared well with that 

of the full mapping set of each backcross (Table 8) and the maximum bin length in each pair of 

parental maps was only about twice that of the full mapping set. DNA samples of the two 

selective mapping sets were arranged in a single 96-well plate together with the DNA samples of 

the parents and will be used for the mapping of candidate genes and additional molecular markers 

in the comparative framework maps reported in this study. 

DISCUSSION 

Use of a high-throughput anonymous marker system for linkage mapping in plants 

Plant genetics benefited much from the invention of molecular marker technologies that allowed 

high-throughput genotyping of large numbers of anonymous marker loci randomly located in 

plant genomes (Williams et al. 1990; Welsh and Mcclelland 1990; Vos et al. 1995). However, 

with the completion of the Arabidopsis genome sequence (Kaul et al. 2000; Bevan et al. 2001), 

and the tremendous progress in expressed gene sequencing projects in higher plants (Rounsley et 

al. 1996; Delseny et al. 1997; Yamamoto and Sasaki 1997; Lagudah et al. 2001), the emphasis in 

genomic mapping is expected to shift from the use of anonymous markers to that of markers 

based on known sequence such expressed sequence tags (ESTs) (Harushima et al. 1998) and 

single nucleotide polymorphisms (SNPs) (Cho et al. 1999). However, large amounts of 

sequencing data is still not available for plant species such as forest trees and high-throughput 

anonymous marker technology remains the most powerful approach for the construction of 

genetic maps and analysis of complex plant traits in these species. 

The AFLP marker system (Zabeau and Vos 1993; Vos et al. 1995) has the highest multiplex 

ratio of all molecular marker technologies based on gel electrophoresis. Recent advances in the 

throughput of AFLP analysis through the use of automated DNA sequencers and semi-automated 

scoring (Remington et al. 1999; Myburg et al. 2001) makes AFLP analysis a very efficient 

approach to rapidly genotype large numbers of markers in relatively large mapping populations. 

Outbred species will particularly benefit from the increased throughput afforded by automated 

genotyping because this will allow the construction of genetic linkage maps for many individuals 

in a breeding population.  

Comparative Genetic Maps of E. grandis and E. globulus
 

40



 

AFLP markers have also been used as genomic landmarks in physical mapping efforts 

(Simons et al. 1997; Klein et al. 2000). Recently, in silico AFLP analysis of the Arabidopsis 

genome sequence generated the first physical AFLP maps of a plant genome with ultra-high 

resolution and density (Peters et al. 2000). This application of AFLP analysis can be used as 

powerful tool to link known genomic sequence to anonymous variation in natural and 

experimental populations. 

Genetic linkage mapping in an interspecific “pseudo-backcross” pedigree 

De novo linkage map construction in pedigrees of outcrossed organisms such as forest trees is 

often complicated by the occurrence of mixed segregation types, the large number of potential 

marker configurations and by the unknown phase of linkage of genetic markers. This is in 

contrast to the relatively simple models of analysis that are used for line crosses of inbred 

organisms. It has been shown that a subset of informative genetic markers in the progeny of 

heterozygous parents can be analyzed using a simple line cross model, the F2 backcross model 

(Ritter et al. 1990), and the ‘two-way pseudo-testcross” approach was proposed to analyze 

marker data of two outbred parents (Grattapaglia and Sederoff 1994). This approach has since 

been used in several mapping studies to construct genetic linkage maps of the parents of 

interspecific and intraspecific F1 progeny of Eucalyptus trees (Table 1) and of other outcrossed 

species such as apple (Conner et al. 1998), dogwood (Caetano-Anolles et al. 1999), oak 

(Barreneche et al. 1998) and rubber tree (Lespinasse et al. 2000).  

Whereas most genetic mapping efforts in interspecific hybrids of outcrossed forest trees 

focused on the F1 generation, we used F2 interspecific backcross families for linkage analysis and 

map construction in Eucalyptus. This approach has several advantages over that of linkage 

analysis in the F1 generation. In particular, the “two-way pseudo backcross” approach is very 

suitable for comparative mapping of outcrossed organisms, because the use of a shared parent 

results in an increased proportion of shared polymorphism. In interspecific pedigrees, the 

increased level of heterozygosity of the F1 hybrid results in a higher proportion of polymorphic 

markers and more efficient use of marker genotyping resources. Furthermore, all fixed genetic 

differences between the parental species will segregate in the backcross progeny, as opposed to 

the pattern of segregation observed in F1 progeny that is largely based on intraspecific genetic 

variation. The interspecific backcross families are therefore particularly suitable for quantitative 

trait locus (QTL) analysis of fixed interspecific differences. This increases the utility of the 
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linkage maps produced by this approach and creates the opportunity to study genetic changes 

associated with species differentiation. 

The F2 interspecific backcross approach also provides the opportunity to study the products of 

meiotic recombination in the F1 hybrid. The gametes produced by interspecific recombination are 

genotyped in both backcrosses and genetic factors affecting hybrid viability and hybrid 

breakdown can be tagged in the parental genomes (Vogl and Xu 2000). The mapping information 

generated by this approach will facilitate strategies of advanced backcross introgression of 

genetic material between forest tree species, an approach that has been severely limited by our 

lack of understanding of the genetic architecture of hybrid inviability and hybrid breakdown in 

trees.  

Finally, like many other outbred organisms, forest trees typically suffer from severe 

inbreeding depression (Hardner and Potts 1995; Remington and O'Malley 2000)  which has made 

a true F2 intercross approach impossible for many tree species. The “pseudo- backcross” approach 

may be the only feasible way to analyze the segregation of genetic material in the F2 generation 

of interspecific hybrids of these species.  

Comparative genetic maps of E. grandis, E. globulus and E. grandis × E. globulus F1 hybrid 

We have constructed the first genetic linkage maps of a hybrid of two Eucalyptus tree species. 

More than 1200 unique polymorphic AFLP marker loci were analyzed in an interspecific 

backcross pedigree of E. grandis and E. globulus. Approximately 30% of these AFLPs segregated 

as testcross and/or intercross markers in both backcross families and were useful for comparative 

mapping. The comparative maps allowed us to compare the rates of recombination during meiosis 

in the male and female reproductive organs of the hybrid tree. No significant differences in the 

overall rates of recombination were observed between paternal and maternal meiosis in the 

hybrid. However, severe heterogeneity in recombination rate was observed in some regions of the 

paternal and maternal map of each backcross (Figure 4). We therefore chose not to integrate the 

maps of the parents of each backcross family using an approach such as that implemented in the 

Joinmap software suite (Stam 1993), which has been used for map integration in several other 

mapping studies (Hauge et al. 1993; Jacobs et al. 1995; Shoemaker and Specht 1995; Qi et al. 

1996; Sebastian et al. 2000; Bradeen et al. 2001). The integrated map that would be obtained by 

such an approach would not truly represent a common recombinational framework in which 

markers could be placed with high confidence.   
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The relative order of shared testcross markers agreed perfectly in two independently 

constructed linkage maps of the F1 hybrid. This result validated the criteria that we used for 

framework marker selection and ordering. The process of framework marker selection in 

MAPMAKER is somewhat subjective, and different combinations of testcross fragments can be 

selected in densely populated regions of the map to obtain local interval support of 3.0. However, 

our results are consistent with previous reports of stable marker orders for 98% of intervals in 

independently constructed maps of the same individual when an interval support threshold of 3.0 

was used (Plomion et al. 1995). The majority of marker intervals in our maps had interval 

supports that were much greater than 3.0, even in relatively dense regions of the maps. 

The framework mapping approach proposed in the early stages of human genetic mapping 

(Keats et al. 1991) remains the best approach for de novo map construction, especially in outbred 

organisms where new maps have to be constructed for every outbred parent. In inbred plant 

species, the same inbred lines are often used by many researchers and markers are simply added 

to a previously constructed map (Lister and Dean 1993). In both cases, the maximum number of 

markers that can be confidently ordered in any map is defined by the number and distribution of 

recombinational breakpoints sampled in the particular mapping population.  

In our experience, the bin mapping approach (Vision et al. 2000) provided an efficient 

approach towards placing accessory markers back into the framework marker intervals. This 

approach also avoided the problem of map expansion often observed when large numbers of 

markers are placed into existing maps (Lincoln and Lander 1992). Approximately 5 – 11% of 

testcross AFLPs could not be confidently placed into framework marker intervals by bin mapping 

and may not be useful markers. This number included the unlinked testcross fragments observed 

in each mapping set. The proportion of unlinked testcross fragments observed in the four maps (2 

– 4%) was similar to that reported in other mapping studies in Eucalyptus (Grattapaglia and 

Sederoff 1994; Byrne et al. 1995; Marques et al. 1998).   

We did not obtain evidence for gross rearrangements of genetic material between the genomes 

of E. grandis and E. globulus. Large genomic rearrangements such as that observed in 

comparative maps of tomato and potato (Bonierbale et al. 1988; Gebhardt et al. 1991; Tanksley et 

al. 1992) would result in severe suppression of recombination in corresponding regions of in the 

paternal and maternal maps of the hybrid. The shared testcross markers in the paternal and 

maternal maps were completely collinear and very little crossover was observed between the 

locations of mapped intercross markers in the maps of the hybrid and the pure species parents. 
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However, it is possible that small rearrangements exist and that they would be detected if more 

intercross markers were mapped.  

Segregation distortion and linkage mapping in wide interspecific crosses 

Ever since the earliest mapping studies (Tabata 1961; Iwata et al. 1964), segregation distortion 

was observed in many different mapping population s with different numbers of genes or 

molecular markers affected. Segregation distortion has been particularly prevalent in crosses 

involving interspecific hybridization (Zamir et al. 1982; Paterson et al. 1988; Causse et al. 1994; 

Devaux et al. 1995; Quillet et al. 1995; Harushima et al. 1996; Li et al. 1997; Xu et al. 1997; 

Cadalen et al. 1997; Faris et al. 1998; Chetelat et al. 2000; Ky et al. 2000; Jiang et al. 2000). 

Previous mapping studies in Eucalyptus reported higher proportions of distorted markers in 

crosses between species in different sections of the subgenus Symphyomyrtus (Marques et al. 

1998) than crosses within the same section (Grattapaglia and Sederoff 1994) and intraspecific 

crosses (Byrne et al. 1995). The proportion of distorted markers observed in this study was 

approximately twice that observed in the cross between E. globulus and E. tereticornis (sections 

Exertaria and Maidenaria, respectively) (Marques et al. 1998). 

LOD thresholds of 10.0 to 12.0 were required to separate the testcross marker set of each 

parent into at least 11 major groups (n = 11 in Eucalyptus). These LOD thresholds correspond to 

p-values of 10-11 to 10-13 that reduce the experiment-wide likelihood of false linkages to 2 × 10-5 

to 2 × 10-7. This is much lower than was expected based on the number of pairwise linkages 

involved. Under additive distortion models where one genotype (Aa) is favored over the other 

(aa), segregation distortion will have no effect on the estimation of most pairwise recombination 

fractions, but will increase the rate of false positive linkages (Liu 1998). The high LOD threshold 

required for marker grouping in this study may therefore be the result of false linkages introduced 

by fragments with severely distorted rates of segregation.  

The levels of segregation distortion observed in this study for testcross and intercross 

fragments segregating out of the F1 hybrid is consistent with that observed for other interspecific 

hybrids (Xu et al. 1997; Whitkus 1998; Ky et al. 2000). However, the relatively high levels of 

distortion observed for the pure species parents is unexpected. The most likely explanation for 

this observation is the presence of postzygotic hybrid inviability factors in the genomes of the 

pure species that only operate in interspecific hybrids. These factors affect the viability of 

interspecific backcross progeny, possibly by interacting with viability factors segregating out of 

the hybrid (See Chapter 4).  
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Segregation distortion at the single-marker level can affect the analysis of linkage of two or 

more markers and alternative methods has been proposed for the estimation of recombination 

frequencies and detection of linkage between genes and markers with distorted ratios of 

segregation (Bailey 1949; Garcia-Dorado and Gallego 1992; Lorieux et al. 1995). The large 

proportion of markers with distorted segregation ratios observed in this wide interspecific 

pedigree suggested that many map intervals may be affected by segregation distortion. We used 

the method of Bailey (1949) to obtain less biased estimates of recombination fraction for most 

marker intervals. Bailey’s estimate was shown to be biased upwards when two markers flank a 

gene under selection (Lorieux et al. 1995). However, Bailey’s method should produce better 

estimates of recombination distance for the majority of marker intervals.  

Marker clustering and difference in physical genome size of E. grandis and E. globulus  

The observation of marker clustering around centomeres in many different linkage maps has been 

ascribed to suppression of recombination, possibly by the centromere itself or by the presence of 

heterochromatin (Tanksley et al. 1992). AFLP loci have also been found to be clustered around 

centomeric regions in several genetic maps (Qi et al. 1998; Alonso-Blanco et al. 1998; Liu 1998; 

Peng et al. 2000). In addition, a comparison in soybean of methylation insensitive EcoRI/MseI 

AFLP marker loci with methylation sensitive PstI/MseI loci (PstI is sensitive to cytosine 

methylation) revealed much higher clustering of EcoRI/MseI markers, particularly around 

putative centromeric regions (Young et al. 1999). PstI/MseI loci were not clustered and were 

underrepresented in centromeric EcoRI/MseI marker clusters. This is consistent with the proposed 

role of role centromeric heterochromatin in suppression of recombination and the high level of 

cytosine methylation observed in these heterochromatic regions. 

In this study we found significant non-random distribution of EcoRI/MseI AFLP markers in the 

genomes of three Eucalyptus trees. It is not possible to make inferences about the physical 

distribution of these loci, because large differences are expected to exist between physical and 

genetic distance in many regions of the maps. However, our results suggest that small clusters of 

markers in the F1 hybrid can to some extent be ascribed to local duplication events in the 

genomes of the parental species. This observation is supported by the prevalence of perfectly 

linked pairs of coupling phase AFLP fragments produced by the same selective primer 

combination. 

 The physical size of the E. grandis genome is estimated to be approximately 20% greater than 

that of the E. globulus genome. This estimate is consistent with the estimated genome sizes of 
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other species in the sections Transversaria and Maidenaria (Grattapaglia and Bradshaw 1994). 

The distribution of the “extra” DNA in the E. grandis genome relative that of the E. globulus 

genome has important consequences for linkage mapping of the interspecific hybrid and may 

provide important insights into the pattern of genome evolution in Eucalyptus. The large number 

of AFLP loci sampled from the two genomes involved in this wide interspecific cross of 

Eucalyptus allow us to differentiate between two alternative hypotheses for the difference in 

genome size between the two species. If the genome size difference can be explained by many 

dispersed regions of expansion such as would result from small duplications and insertions, many 

small clusters of markers linked in coupling should be observed in the map of the hybrid, 

particularly in the backcross to E. globulus. On the other hand, if the genome size difference can 

be explained by a few gross chromosomal changes such as large duplications or deletions, large 

clusters of cosegregating markers are expected.  

AFLP loci located in hemizygous genomic regions in the F1 hybrid should cosegregate in the 

backcross to the recurrent species. In addition, regions with significant sequence divergence or 

genome reorganization between the two species may exhibit lower rates of recombination due to 

impaired meiotic pairing between the E. grandis and E. globulus homologs in the F1 hybrid. The 

observed excess of 25% of testcross markers in the maternal map of the hybrid is consistent with 

the presence of hemizygous regions in the E. grandis homologs of the hybrid genome. We have 

showed that the apparent excess of testcross markers is associated with the E. grandis phase of 

the maternal map of the hybrid. Furthermore, these markers are present in many small clusters, 

which lends support for the hypothesis of a dispersed distribution of the genome size difference 

between E. grandis and E. globulus.  

Genome length and map coverage  

The average estimated length of the hybrid genome was 10% higher than that of the backcross 

parents. This was unexpected, because a general reduction in recombination rate has been 

observed in hybrid genomes due to suppression of recombination in diverged parts of the parental 

genomes (Williams et al. 1995; Kreike and Stiekema 1997; Moreau et al. 1998).  

The difference in estimated genome size of the E. globulus backcross parent and the E. 

grandis BC parent was only 4% in contrast with much larger differences between previously 

published map lengths for the two species (Table 1). However, the reported map length for E. 

globulus (Marques et al. 1998) is probably an underestimate due to incomplete coverage of the 

maps reported in this study. Approximately 15% of testcross markers showed significant 
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segregation distortion and were not included in the maps. An estimated increase of 14% in map 

length would result if distorted markers were included. This would bring the observed map length 

to 1102 cM, which is close to that of the Remington estimate of genome length for E. globulus in 

this study. 

The lower map coverage of the backcross parent maps is partly compensated for by 

comparative mapping with the complete maps of the F1 hybrid. We were able to identify 11 major 

linkage groups in both backcross parents, in spite of low map coverage in a few regions of these 

maps (e.g. linkage groups 10 and 11 of the E. globulus parent). The regions coincided with areas 

of apparent increased recombination in the distal parts of the linkage groups. A combination of 

low marker density and high recombiantion resulted in the failure to detect linkage between 

different parts of the same linkage groups. The only remaining minor group of markers in the 

maternal map of the E. grandis backcross parent may belong to linkage group 1. Unfortunately, 

no intercross markers mapped to this group and we were therefore not able to include it in the 

comparative map.   

Utility of the maps and selective mapping set  

The comparative maps presented here establish synteny between linkage groups of 

representatives of the sections Transversaria (E. grandis) and Maidenaria (E. globulus). The 

mapping study by Marques et al. (1998) included members of the sections Maidenaria (E. 

globulus) and Exertaria (E. tereticornis).  The possibility therefore now exists to construct a 

comparative map of all three commercially important sections of the subgenus Symphyomyrtus.  

Multi-allelic microsatellites would be the most appropriate marker systems to achieve this goal 

(Brondani et al. 1998; Marques et al. 1999). 

 The selective mapping set that we constructed for this interspecific pedigree will provide a 

valuable resource for locating additional markers and genes in the comparative map of E. grandis 

and E. globulus. A larger set of individuals of each backcross family have now been genotyped 

using the framework markers reported here. The combined mapping data of the two backcross 

families will be used for comparative QTL mapping in E. grandis and E. globulus. 
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TABLES 

Table 1 

Comparison with previously published linkage maps for Eucalyptus species 

Species Map 

Lengtha 

Descriptionb Reference 

E. grandis 1552 cM Maternal - 14 groups - 240 (142) RAPD 

markers (Framework map) 

(Grattapaglia and Sederoff 1994) 

E. urophylla  1101 cM Paternal  - 11 groups - 251 (119) RAPD 

markers (Framework map) 

(Grattapaglia and Sederoff 1994) 

E. nitens 1462 cM Integrated paternal and maternal - 12 

groups - 210 RFLP, 125 RAPD, 4 

isozyme loci 

(Byrne et al. 1995) 

E. grandis 1415 cM Paternal  - 11 groups - 211 (99) RAPD 

markers (Framework map) 

(Verhaegen and Plomion 1996) 

E. urophylla 1331 cM Maternal - 11 groups - 244 (105) RAPD 

markers (Framework map) 

(Verhaegen and Plomion 1996) 

E. globulus 967 cM Paternal  - 16 groups - 200 (120) AFLP 

markers (Framework map) 

(Marques et al. 1998) 

E. tereticornis 919 cM Maternal - 14 groups - 268 (128) AFLP 

markers (Framework map) 

(Marques et al. 1998) 

E. grandis x E. 

globulus  

1448 cM Paternal  - 11 groups – 342 (169) AFLP 

markers (Framework map) 

This study 

E. grandis x E. 

globulus  

1318 cM Maternal - 11 groups – 411 (209) AFLP 

markers (Framework map) 

This study 

E. grandis  1335 cM Maternal  - 11 groups – 254 (138) AFLP 

markers (Framework map) 

This study 

E. globulus  1405 cM Paternal  -  11 groups – 236 (141) AFLP 

markers (Framework map) 

This study 

a The map lengths are observed linkage map lengths in cM Kosambi reported in each study 
b The parental origin, number of linkage groups and type of markers are indicated. For framework maps, the number of 

framework markers are given in parentheses.  

Comparative Genetic Maps of E. grandis and E. globulus
 

55



 

 

 

Table 2 

List of EcoRI/MseI (+3/+3) selective nucleotide combinations used for genotyping and 

number of polymorphic AFLP fragments scored in each of the two backcross families. 

Selective nucleotides  Polymorphic fragments scored 

EcoRI primera MseI primerb E. grandis BC family E. globulus BC family 

    Number % of totald Number % of totald 

AAA    CCG 33 48.5 38 53.5 
AAA    CGA 54 60.7 43 52.4 
AAC    CCC 24 49.0 32 58.2 
AAC CCT 30 55.6 34 50.0 
AAG     CCG 38 62.3 25 41.7 
AAG CCT 50 48.1 38 42.7 
AAG CGG 22 50.0 18 38.3 
AAG CTG 40 54.8 51 46.4 
ACA CAC 29 48.3 31 48.4 
ACA CAG 38 50.0 34 49.3 
ACA CCA 49 66.2 47 52.2 
ACA CCC 29 52.7 42 60.9 
ACA CCT 29 51.8 25 41.0 
ACA CGC 18 41.9 15 33.3 
ACA CGG 15 51.7 14 42.4 
ACA CTC 46 82.1 38 48.7 
ACC CCA 31 58.5 30 49.2 
ACG CCA 33 63.5 31 48.4 
ACT CCA 34 42.0 36 46.2 
AGC CCG 18 29.0 30 40.5 
ATC CCA 44 41.1 51 47.7 
ATG CCA 46 48.9 52 52.0 
ATT CCA -c - 39 35.8 
ATT CCT 53 55.2 30 33.0 
 
Total (Average)   803 (34.9) (52.7) 824 (34.3) (46.3) 
a The core EcoRI adapter primer sequence  was 5’-GACTGCGTACCAATTC-3’  

b The core MseI adapter primer sequence  was 5’-GATGAGTCCTGAGTAA-3’ 
c The ATT/CCA primer combination was not scored in the E. grandis BC family 
d Percentage of the total number of distinct fragments that were polymorphic and were scored in each gel 
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Table 3 

Summary of AFLP fragments scored in each backcross and levels of segregation distortion 

observed for each parental marker set. 

Segregation type E. grandis BC family E. globulus BC family 

F1 hybrid - # testcross (1:1) fragments 
% distorteda 

365 (45.2%) Paternal 
28.5% 

457 (55.0%) Maternal 
30.6% 

Backcross parent - # testcross (1:1) fragments 
% distorteda 

285 (35.7%) Maternal 
30.9% 

247 (30.6%) Paternal 
20.6% 

Both parents - # intercross (3:1) fragments 
% distorteda 

153 (19.1%) Both  
32.0% 

120 (14.4%) Both 
25.8% 

Total  803 (100%) 824 (100%) 
a Percentage of fragments in each testcross or intercross set with segregation ratios that deviated significantly from 
expected ratios of 1:1 or 3:1 at the 0.05 significance level.  
 
 
 
 

Table 4 

Summary of shared and unique AFLP loci sampled in the genomes of E. grandis and E. 

globulus 

Description  No of fragments a 
Sum of AFLP fragments scored in the two backcross families 1627 
  Minus no of testcross markers shared between maps of the F1 hybrid b 183   (22.5%) 
  Minus no of testcross markers shared between the backcross parents c 23     (2.8%) 

  Minus no of shared testcross/intercross fragments d 55     (6.8%) 

  Minus no of shared intercross/testcross fragments e 91     (11.2%) 

  Minus no of shared intercross fragments f 16     (2.0%) 

Total number of AFLP fragments with unique band sizes 1259  
   Minus no of candidate allelic pairs 42 
Total number of AFLP loci sampled in the genomes of E. grandis and E. globulus  1217 
a The average percentage of each type of shared fragment in each backcross is given in parentheses 
b Fragments heterozygous in the F1 hybrid and absent in both backcross parents 
c Fragments heterozygous in both backcross parents and absent from the F1 hybrid 
d Fragments heterozygous in the hybrid and E. globulus BC parent, but absent in the E. grandis BC parent 
e Fragments heterozygous in the hybrid and E. grandis BC parent, but absent in the E. globulus BC parent 
f Fragments heterozygous in all three parents 
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Table 5 

Summary of parental linkage maps constructed using AFLP fragments segregating in a 

testcross configuration and estimated genome coverage of each framework map 

Descriptiona E.grandis Hybrid  Hybrid E.globulus
  Maternal  Paternal Maternal Paternal 
Marker inventory       

No of testcross fragments selected as framework markers 138 (48%) 169 (46%) 209 (46%) 141 (57%) 
No of placed, accessory markersb 116 (41%) 173 (47%) 202 (44%) 95 (38%) 
No testcross fragments not placed in the framework map  31 (11%) 23 (7%) 46 (10%) 11 (5%) 

No of unlinked testcross fragments at LOD 7.0  11 (3.8%) 6 (1.6%) 10 (2.1%) 5 (2.0%) 
Framework maps     

No of major linkage groups 11  11 11 11 
Average linkage group size (cM) 118 132 120 128 
Average framework marker spacing (s) (cM) 10.5 9.2 6.7 10.8 
Range of framework interval sizes (cM) 2.6 - 43.7  1.9-39.6 1.1 - 37.0 1.1 - 64.4 
Total map length based on classical estimate of r (cM) 1335 1448 1318 1405 
Total map length based on Bailey’s estimate of r (cM) 1249 1369 1235 1357 

Estimation of genome length     
No of pairwise linkages at LOD threshold Z=11.0 (k) 1442 2144 3810 1221 
Max. observed distance (cM) at LOD threshold Z=11.0 (d) 23.7 23.7 25.8 25.6 
Hulbert estimate of genome length (cM) 1331 1469 1411 1273 
Remington estimate of genome length (cM) 1184 1325 1251 1112 

Framework map coverage     
Map coverage (c × 100%), d = 20 cM and L = Hulbert est. 98.4% 99.0% 99.7% 98.8% 
Map coverage (c × 100%), d = 10 cM and L = Hulbert est. 87.4% 90.0% 94.8% 89.1% 

a All map distances are in cM Kosambi. 
b The number of testcross fragments placed in framework marker intervals using the bin mapping procedure of MapPop. 
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Table 6 

Evaluation of the distribution of testcross AFLP markers in the four paternal linkage maps 

Hybrid Paternal map Hybrid Maternal map Description 
E. grandis 
map E. grandis 

phase 
E. globulus 
phase 

E. grandis 
phase 

E. globulus 
phase 

E. globulus 
map  

No of framework and accessory 
markers in 50 map intervals 254 126 (37%) 216 (63%) 297 (72%) 113 (28%) 247 

Interval size (observed genome 
size in cM Kosambi/50) 26.7 29.0 29.0 26.4 26.4 28.1 

Expected count per interval (mi) 5.1 2.5 4.3 5.9 2.3 4.9 

Observed range of counts 1-11  0-7 0-12 0-20 0-7 0-18  
Total number of intervals 
deviating from Poisson 
expectation 5 (10%) 3 (6%) 5 (10%) 8 (16%) 4 (8%) 10 (20%) 
p-value for χ2 goodness-of-fit 
test  8.0 × 10-4 4.1 × 10-5 1.4 × 10-1 4.8 × 10-3 4.3 × 10-3 5.7 × 10-13 
 

 

 

Table 7 

Summary of small clusters of testcross markers observed in the parental maps 

Description E. grandis 
map 

Hybrid 
Paternal map

Hybrid 
Maternal 
map 

E. globulus 
map 

Total no of small clusters 18 28 43 14 
Average no of markers per cluster 4.7 5.5 5.6 4.9 
Average marker spacing within clusters (cM) 0.61 0.87 0.65 0.61 
Total no of markers in small clusters 84 154 240 69 

E. grandis linkage phasea - 59 174 - 
E. globulus linkage phasea - 95 66 - 

       a Phase assignment is arbitrary for each linkage group in the maps of the pure species parents. 
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Table 8 

Mapping resolution of selective mapping sets relative to that of the full mapping sets. 

Mapping set  
Expected maximum 
bin length (cM) Expected bin length (cM) 

E. grandis BC family    
156 individuals 7.0 1.6 
46 individuals 13.4 3.9 

E. globulus BC family   
177 individuals 5.6 1.4 
46 individuals 12.3 3.5 
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Figure 3.  Schematic of the “two-way pseudo-backcross” approach used for comparative 
mapping in this interspecific pedigree of outbred parents. Only one homologous chromosome pair 
of each parent is shown, with the physical positions of polymorphic marker loci along each 
homolog. Marker loci on each homolog represent one linkage phase of the corresponding genetic 
linkage group. The determination of linkage group synteny and map alignment was achieved by 
identifying shared markers in the parental maps of the outbred pedigree. Different types of shared 
markers are indicated: a – Shared testcross markers were used to align the maps of the F1 hybrid. 
b – Intercross markers were used to align the maps of the backcross parents with those of the F1 
hybrid. c – Markers in testcross configuration in one backcross, but intercross configuration in the 
other backcross, and d – shared intercross fragments provided additional information for 
comparative mapping. Note that in each direction of backcrossing, more marker loci were 
expected to be polymorphic in the donor homolog (linkage phase) of the F1 hybrid than in the 
recurrent homolog. 
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Figure 4. (Continued) 
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Figure 4. Comparative AFLP maps of the hybrid of E. grandis and E.globulus and of the two 
pure species. Linkage group numbers are followed by parental codes for the maternal map of the 
E. grandis backcross parent (gr), paternal (p) and maternal (m) maps of the hybrid tree, and 
paternal map of the E. globulus backcross parent (gl). The E. grandis linkage groups and the E. 
grandis linkage phase of each F1 hybrid map are shown as white bars, while E. globulus linkage 
groups and linkage phases are shown as black bars. AFLP markers that originated in an E. 
globulus parent or grandparent are typed in bold, italics and underlined. E. grandis markers are in 
normal font. Horizontal dotted lines (        ) connecting markers in the paternal and maternal maps 
of the hybrid indicate the position of testcross  markers that segregated out of the  F1 hybrid in 
both backcrosses and are therefore shared by the two maps. Horizontal dotted lines with 
arrowheads (         ) connecting the backcross parent maps with those of the hybrid indicate the 
approximate positions of intercross markers in the respective maps. Solid lines (          ) indicate 
the position of AFLPs that segregated as intercross markers (3:1 ratio) in one backcross and as 
testcross markers (1:1 ratio) in the other backcross family. Heavy dashed lines (           ) indicate 
the positions of shared intercross markers, i.e. AFLPs that were heterozygous in all three parents 
and therefore segregated as intercross markers in both backcross families. Regions that are 
suspected to be missing in the pure species maps due to low map coverage are indicated with 
dotted lines. Distances in centiMorgan (cM) Kosambi are indicated on the left of each linkage 
group and the total map length of each group is given at the top.  Marker names consist of the 
selective nucleotides of the AFLP primer combination and the molecular size (bp) of each 
marker, followed by a quality and phase indicator. 
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ABSTRACT 

Postmating barriers to introgression often arise as a by-product of genetic differentiation between 

the diverged genomes of wide interspecific hybrids. The genetic architecture of postmating 

reproductive isolation has important implications for the evolutionary processes associated with 

speciation and hybridization, and for breeding programs based on interspecific hybridization. 

Genetic factors that cause F1 hybrid sterility and F2 hybrid breakdown can be located by detailed 

analysis of segregation distortion in genetic maps of F1 hybrids. We have performed a genome-

wide analysis of segregation distortion and putative F1 hybrid sterility and F2 hybrid viability 

factors in an outbred pedigree of two Eucalyptus species. Two interspecific pseudo-backcross 

families of a hybrid of Eucalyptus grandis and Eucalyptus globulus spp. globulus were used to 

construct comparative linkage maps of the F1 hybrid and the two pure species, backcross parents. 

Approximately 1350 amplified fragment length polymorphism (AFLP) fragments were in 

testcross configuration in the two backcross families and approximately 30% were significantly 

distorted at the 0.05 level. The distorted markers mapped to distinct regions in the maps of the F1 

hybrid and pure species parents and exhibited highly directional distortion with respect to 

parental origin. We used a Bayesian Markov chain Monte Carlo approach to estimate the position 

and effect of segregation distorting loci (SDL) in the parental genomes. We postulate that these 

SDL represent loci that affect the fertilization ability of F1 hybrid gametes or the viability of F2 

zygotes. Relative viability of SDL alleles ranged from 0.20 to 0.72. Several genomic regions in 

the maps of the F1 hybrid were skewed towards the recurrent parent, indicating resistance to 

introgression of donor alleles of SDL. However, in both recurrent backgrounds, several map      

regions were distorted towards the donor parent. Finally, epistatic interactions between SDL did 

not contribute much to viability selection, although individual examples of putative epistatic 

interactions were detected.  

INTRODUCTION 

Segregation distortion, outbreeding depression and inbreeding depression 

The differential recovery of alleles and allelic combinations in progeny of heterozygous parents 

can give rise to distorted (non-Mendelian) ratios of segregation of traits, genes and molecular 

markers. Segregation distortion is a sensitive indicator of genetic and structural incompatibility 

between genomes of plants and animals. It is especially prevalent in wide interspecific crosses 
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where genetic differentiation and genome evolution have proceeded independently for long 

periods of time (Rieseberg et al. 2000). However, matings between related parents, or in extreme 

cases, selfing of organisms with high amounts of genetic load also cause segregation distortion 

through inbreeding depression (Ritland 1996; Charlesworth and Charlesworth 1999). Detailed 

analyses of segregation distortion have provided valuable insights into the evolution of genomes, 

populations and mating systems in plant and animal species (Lyttle 1991; Ritland 1996; 

Rieseberg et al. 2000). 

Use of molecular markers to study segregation distortion 

The earliest analyses of segregation distortion in plants were based on the segregation of 

morphological or protein markers (Tabata 1961; Iwata et al. 1964) and similar methods were used 

until very recently (Wendel and Parks 1984; Konishi et al. 1990; Lin and Ikehashi 1993). These 

analyses were often restricted to individual loci or a small number of genomic regions. However, 

the development of DNA-based molecular marker technology has allowed the construction of 

complete genetic linkage maps for many different species and has allowed detailed, genome-wide 

analysis of segregation distortion in these organisms (Rieseberg 1998; Remington and O'Malley 

2000). Complete molecular marker maps can be used to determine the genetic architecture of 

segregation distortion and to study the genetic mechanisms underlying non-Mendelian 

segregation in these genomes (Rieseberg et al. 2000). 

Segregation distortion in genetic mapping studies of wide crosses 

Wide intra- or interspecific crosses are often employed to increase genetic differentiation between 

parents in molecular genetic studies. This increases the efficiency of genetic map construction 

and allows the mapping of QTLs that may not be segregating in narrow intraspecific crosses. 

Deviation from expected Mendelian ratios have been reported in many wide crosses in crop plant 

species (Paterson et al. 1990; Lin et al. 1992; Pham and Bougerol 1993; Causse et al. 1994; 

Quillet et al. 1995; Devaux et al. 1995; Harushima et al. 1996; Cadalen et al. 1997; Xu et al. 

1997; Li et al. 1997; Faris et al. 1998; Jiang et al. 2000; Ky et al. 2000; Chetelat et al. 2000). 

Large proportions of markers were often found to be distorted in these distant crosses, which 

provided evidence for underlying biological mechanisms that lead to distorted ratios of marker 

alleles or genotypic configurations (Rieseberg et al. 2000). 
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Causes of segregation distortion in wide crosses  

Non-Mendelian segregation ratios in wide crosses generally result from competition among 

heterospecific gametes or from abortion of the gamete or zygote. This may be caused by genetic 

factors that operate before fertilization affecting the success of the gamete, or by factors that 

operate after fertilization resulting in differential viability of the zygote, juvenile, or adult stage of 

the hybrid. In many cases, these genetic incompatibilities arise as the by-product of genomic 

differentiation between populations or species and contribute to reproductive isolation between 

diverged groups (Grant 1981).  

Under the biological species concept (Dobzhanski 1937; Mayr 1963), reproductive isolating 

barriers are typically classified as prezygotic or postzygotic in reference to the events that lead to 

the F1 hybrid zygote. Prezygotic barriers include isolating mechanisms such spatial and temporal 

isolation, mating behavior, and gamete compatibility. Postzygotic barriers include F1 inviability, 

F1 sterility and hybrid breakdown (reduced viability or fertility) in F2 or later generations (Avise 

1994). Reduced viability of F1 hybrid gametes contribute to F1 sterility and can therefore be 

classified as a postzygotic barrier, although it is an example of gametophytic selection.  

Prezygotic factors  

In plants, gametophytic selection plays an important role in the establishment of prezygotic 

mating barriers (Levin 1978; Grant 1981). Structural rearrangements between differentiated 

genomes (Bonierbale et al. 1988; Kianian and Quiros 1992; Williams et al. 1995) represent a 

separate class of prezygotic factors that can lead to F1 hybrid sterility, hybrid breakdown and 

segregation distortion in F2 hybrid generations. Structural differences between chromosomes in 

interspecific hybrids may result in abnormal meiosis and differential viability of the gametes. 

However, genic factors expressed in the sporophytic or gametophytic life stage of plants are 

probably more important in determining the fertilization ability of gametes.  
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In flowering plants, post-pollination processes are primarily responsible for mate 

discrimination, because female plants often have little control over the genetic relatedness of the 

pollen that reach their stigmas. Male gametes are selected when the pollen tubes grow within the 

female tissues of the stigma, style, and ovary (Williams et al. 1999). Pollen tube growth therefore 

plays an important role in cross-fertility in many plant groups (Robert et al. 1991; Chaix and 

Marchais 1996; Quesada et al. 1996; Williams et al. 1999; Diaz and Macnair 1999). The rate of 

growth and length of pollen tubes may present strong barriers to hybridization, especially when 

substantial differences exist in the size of female flower parts (Gore et al. 1990).  Paternity testing 



 

of individual pollen tubes in conspecific, heterospecific, and mixed-species crosses of birch 

(Betula), showed that more than 98% of seedlings were sired by conspecific pollen tubes. This 

was caused by early post-pollination barriers such as pollen tube incompatibility, slower pollen 

tube growth, and delayed generative cell mitosis (Williams et al. 1999). 

Postzygotic factors 

Post-fertilization selection on the viability of zygotes is common in matings where inbreeding 

depression occurs and the survival of homozygotes is reduced compared to heterozygotes 

(Charlesworth and Charlesworth 1987). Reduction in fitness due to inbreeding is often the result 

of genetic factors that operate very early in the life cycle (Husband and Schemske 1996). 

Recessive or partially recessive deleterious alleles seem to play an important role in inbreeding 

depression in outcrossing plants with large amounts of genetic load (Charlesworth and 

Charlesworth 1999). Remington and O’Malley (2000) recently identified 19 loci with semi-lethal 

to lethal recessive effects on embryonic viability in a selfed family of loblolly pine (Pinus taeda). 

A total of 13 lethal equivalents were estimated to be distributed over the 19 loci, which suggests 

the accumulation of large amounts of genetic load in this long-lived, outcrossed species. 

 However, segregation distortion can also result from differential viability of wide intraspecific 

or interspecific hybrids and their progeny. Dobzhansky (1937) proposed a simple two-gene model 

for the establishment of a postzygotic reproductive barrier in which a gene from one species 

interacts negatively with a gene from another species. Alternative polygenic models for 

postzygotic barriers have been proposed where hybrid inviability or sterility result from the 

cumulative effect of many divergent loci in hybrid genetic backgrounds (Wu and Palopoli 1994). 

Hybrid breakdown may also result when the members of coadapted gene complexes are separated 

by recombination in segregating hybrid generations (Li et al. 1997). These gene complexes may 

be involved in developmental processes that are disrupted when F2 (or later generation) hybrid 

zygotes do not receive the full set of interacting genes. All three models of postzygotic 

reproductive isolation involve epistatic interactions in hybrid breakdown, which is consistent with 

observations in experimental populations of interspecific hybrids (Rieseberg et al. 1996). 

Studies of hybrids of cotton (Jiang et al. 2000), iris (Burke et al. 1998) and rice (Li et al. 

1997) suggest that nuclear and cytonuclear epistatic interactions in F2 and later generations result 

in significant deficits of intermediate hybrid genotypes and an excess of parental genotypes. 

Multilocus epistatic interactions between diverged genomes may have profound implications for 
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adaptive trait introgression in natural populations (Kim and Rieseberg 1999), as well as for hybrid 

breeding and introgression of traits from wild relatives (Jiang et al. 2000).  

Postzygotic gene interactions between divergent genomes are not always deleterious. Burke et. 

al. (1998) found both positive and negative interactions in hybrids of iris and Jiang et. al. (2000) 

found that donor chromatin was favored by genetic interactions in some regions of hybrid cotton 

genomes. Selection for the same donor chromosome fragments in independently generated 

introgression lines has also been documented (Wang et al. 1995). 

Reproductive isolation in Eucalyptus 

Interspecific hybridization is an important tool in forest tree breeding, especially in fast-growing 

hardwood genera such as Eucalyptus and Populus. In Eucalyptus, high levels of F1 hybrid 

inviability and F2 hybrid breakdown are often observed in wide interspecific crosses (Griffin et 

al. 1988) and constitute strong postzygotic barriers to hybridization in this genus (Potts et al. 

2000; Lopez et al. 2000).  

Structural and physiological incompatibilities in pollen tube growth also form important 

prezygotic isolation barriers in Eucalyptus. In crosses between species in different subgenera of 

Eucalyptus, pollen tube growth is arrested in the upper style, which completely prevents 

hybridization. The frequency of this physiological barrier has been shown to depend on 

taxonomic distance between the parental species (Ellis et al. 1991). A unilateral structural barrier 

also exists between Eucalyptus species with flowers of different size. Pollen tubes from small-

flowered species cannot grow the full length of the styles of large-flowered species (Gore et al. 

1990).  However, it has recently been shown that this barrier can be overcome by cutting the 

styles of large flowered species and allowing the pollen of small-flowered species to reach the 

ovules of E. globulus spp. globulus (Harbard et al. 1999). 

Methods for mapping inviability factors 

Genetic factors that cause segregation distortion may simply be analyzed as segregation distorting 

loci (SDL), without making any assumptions about the biological mechanisms involved in each 

case (Vogl and Xu 2000).  Marker loci that are closely linked to SDL are most affected and a 

decreasing trend in the magnitude of marker distortion is expected with an increase in 

recombination distance. These changes in the relative frequency of marker alleles along a genetic 

map can be used to estimate the position and effect of SDL in different mapping models such as 

backcross (BC), doubled-hapoid (DH) and F2 intercross models.  
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Several methods have been proposed for mapping genetic factors causing distortion. Initial 

single-marker methods (Hedrick and Muona 1990; Fu and Ritland 1994a; Karkkainen et al. 1999) 

were limited for the same reasons as single-marker methods for QTL detection, i.e. estimates of 

SDL effect and recombination between the marker and SDL were confounded. Interval mapping 

strategies (Fu and Ritland 1994b; Mitchell-Olds 1995; Cheng et al. 1996, 1998) provided more 

powerful approaches to locate SDL between flanking markers and to simultaneously estimate 

SDL effect. However, interval mapping procedures were not suitable for multiple, linked SDL, 

due to the potential bias in estimates of map distances in these circumstances (Lorieux et al. 

1995a, 1995b). Vogl and Xu (2000) recently proposed a Bayesian approach for mapping multiple 

SDL using linked molecular markers. The method was implemented via a Markov chain Monte 

Carlo (MCMC) procedure and can be used to estimate the position and effect of multiple SDL per 

linkage group.  

This study 

Here we present the results of a genome-wide analysis of F1 hybrid sterility and F2 hybrid 

inviability in a wide interspecific cross of Eucalyptus. The inter-section hybrid of a subtropical 

species, E. grandis (section Transversaria), and a temperate species, E. globulus spp. globulus 

(section Maidenaria), is subject to the unilateral structural barrier described above and also 

exhibits hybrid breakdown in the F2 generation (Griffin et al. 2000). The flower parts of E. 

globulus spp. globulus are much larger than those of E. grandis (and indeed all other 

commercially important eucalypt species) and E. globulus has to be used as a pollen parent in 

controlled pollinations to ensure cross-fertility in this wide species combination.  

We previously constructed comparative genetic linkage maps of the E. grandis × E. globulus 

hybrid and the two parental species by AFLP marker analysis of two F2 pseudo-backcross 

families (see Chapter 3). A large proportion of AFLP fragments showed non-Mendelian 

segregation ratios in the backcross families and mapped to defined regions of the parental genetic 

maps. The comparative linkage maps of the F1 hybrid and the pure species parents therefore 

provided an excellent framework for assessing the genetic architecture of F1 hybrid sterility and 

F2 hybrid viability in this wide interspecific cross. We used a Bayesian approach to estimate the 

position and effect of SDL in the genomes of the F1 hybrid and backcross parents. Finally, we 

discuss the nature of postzygotic isolation mechanisms and the implications for hybrid breeding 

programs in Eucalyptus.  
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 MATERIAL AND METHODS 

Plant Material 

All the segregation analyses described here were performed in two interspecific backcross 

families of a wide interspecific hybrid between E. grandis and E. globulus spp. globulus (Figure 

1). The population genetic structure and tree identities were the same as that described in Chapter 

3. In brief, a single, superior F1 hybrid tree (no BBT01058, Forestal Oriental SA, Uruguay) was 

selected for backcrossing from a large F1 progeny set of a series of E. grandis × E. globulus 

polymix families (Griffin et al. 2000). Negative effects due to inbreeding depression were 

avoided by backcrossing the hybrid to unrelated parents from E. grandis and E. globulus to obtain 

two interspecific backcross families. These families were therefore not true backcrosses, but 

“pseudo-backcrosses” with two unrelated heterozygous parents. Both backcrosses were 

performed in the same direction with E. globulus pollen used to pollinate the flowers of the 

hybrid tree, and pollen of the hybrid tree used to pollinate E. grandis flowers. This crossing 

scheme was used to avoid the structural mating barrier that exists when pollen from smaller 

flowered species such as E. grandis is used to pollinate large-flower species such as E. globulus 

spp. globulus (Gore et al. 1990). The flower parts of the hybrid tree were intermediate to those of 

E. globulus and E. grandis. The hybrid was therefore used as a male parent in the backcross to E. 

grandis and a female parent in the backcross to E. globulus. 

 Backcross seeds were sown in seedling trays and seedling plants were grown in a nursery in 

Paysandú, Uruguay. Leaf samples were collected and shipped to North Carolina State University 

for DNA extraction before the plants were transferred to a field site for phenotypic evaluation. 

AFLP analysis and genetic map construction 

The three parental trees and approximately 186 trees of each backcross family were genotyped 

using a modified AFLP (Zabeau and Vos 1993) procedure that allows high throughput 

genotyping based on infrared detection of labeled AFLP products on automated DNA sequencers 

(Myburg et al. 2001). A total of 24 EcoRI/MseI (+3/+3) selective primer combinations previously 

applied in Eucalyptus (Marques et al. 1998) were used to generate approximately 800 

polymorphic fragments in each backcross family (Chapter 3).  

The marker data of each backcross family was analyzed using the “two-way pseudo-testcross” 

approach (Grattapaglia and Sederoff 1994). Each dataset was divided into two parental testcross 

(1:1) marker sets and one shared, intercross (3:1) marker set, based on the parental genotype for 
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each AFLP. Marker grouping, ordering and framework marker selection was performed in 

MAPMAKER version 2.0 for Macintosh (Lander et al. 1987) using an F2 backcross model for 

analysis. Testcross markers segregating out of the parents of each backcross were used to 

construct four framework linkage maps. A paternal linkage map of the F1 hybrid and maternal 

linkage map of the E. grandis backcross parent were constructed with testcross AFLP markers 

segregating in the E. grandis BC family. The testcross marker data of the E. globulus backcross 

family were used to construct a maternal linkage map of the F1 hybrid and a paternal linkage map 

of the E. globulus backcross parent. 

All four maps were aligned using testcross markers shared between the two maps of the F1 

hybrid and intercross markers shared between the maps of the F1 hybrid and pure species parent 

of each backcross (Figure 3, Chapter 3). Map distances based on the classic estimate of 

recombination were recalculated using Bailey’s estimate (Bailey 1949) of recombination to 

compensate for bias due to segregation distortion (Lorieux et al. 1995a). The adjusted 

recombination estimates were converted to map distances in cM (Kosambi 1944). 

Analysis of segregation distortion 

The observed segregation ratio of each testcross AFLP fragment was compared to the expected 

ratio of 1:1. A chi-square test was performed for all AFLP fragments and significant deviation 

from expectation for individual AFLPs was declared at the 0.05 level of significance. 

Deviations from expected ratios of segregation can arise purely by chance through sampling of 

a finite number of gametes from any particular parent. However, the effects of true chromosomal 

segregation distortion on marker loci are limited by recombination to subchromosomal blocks of 

linked markers. A genome-wide threshold for significance should therefore reflect the number of 

independent genomic regions in a parental linkage map. In this study, the testcross markers were 

distributed across 11 linkage groups within each of the two parental maps. Under the assumption 

that each linkage group corresponds to one chromosome and that each chromosome can be 

divided into two approximately independent chromosome arms, at least 22 independent genomic 

regions are expected. This would correspond to a genome-wide threshold of 0.05/22 = 0.00227 

for any particular genomic region in the parental maps. This threshold was applied to the marker 

data of each map to identify significantly distorted map regions. The single most distorted marker 

in each region was recorded for this purpose. 

The parental origin of each marker in the maps of the F1 hybrid was inferred by genotyping 

the original E. grandis seed parent of the F1 hybrid. Since each linkage phase in the maps of the 
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hybrid represents a complete E. grandis or E. globulus homolog, we were able to infer the species 

origin of the two linkage phases in each linkage group of the F1 hybrid maps. Before analysis of 

the distribution and direction of segregation distortion in the maps of the hybrid tree, all marker 

data was recoded to reflect the presence or absence of the E. globulus allele. The phase of linkage 

is therefore consistent across all linkage groups in the two maps of the F1 hybrid. This inference 

was not possible for the maps of the pure species parents, because the respective grandparents 

were not available for genotyping. Linkage phase assignment is therefore arbitrary from one 

linkage group to another in these two maps and phase inference is limited to individual linkage 

groups. 

Mapping and estimation of segregation distorting loci (SDL) effects 

A Bayesian Markov chain Monte Carlo (MCMC) method for multipoint mapping of SDL in a 

backcross design (Vogl and Xu 2000) was used to analyze the four testcross marker data sets. The 

model used for analysis assumed pure inbred parents, which is consistent with the pseudo-

testcross approach (Grattapaglia and Sederoff 1994). However, it is important to note that all 

three parents are highly heterozygous. Up to four different alleles are possible in each of the 

backcross families. Allelic effects at any particular locus are averaged over the allelic effects at 

the homologous locus of the other parent, which decreases statistical power to detect significant 

allelic effects. 

 For the Bayesian MCMC procedure (described in detail in Vogl and Xu, 2000), we set a 

Poisson prior mean of one and a maximum of six SDL per linkage group. An error term of 2% 

was included in the model to account for possible scoring error in the marker data.  The chain 

length was set to 3500 and every tenth cycle was recorded. The number of SDL, SDL positions 

and SDL effects reported for each linkage group in each of the 350 selected cycles were treated as 

samples from the joint posterior distribution. The reported SDL effects and SDL positions were 

binned in 3 cM intervals along the map of each linkage group. The sum of SDL effects in each 3-

cM bin divided by 350 (number of iterations) was reported as SDL intensity (Sillanpaa and Arjas 

1998).  

Evaluation of epistatic interactions between SDL  

To test for epistatic interactions between SDL, we selected the most distorted marker in each SDL 

region (Table 2) as representative of the SDL. Contingency tests of all the two-locus SDL allele 

combinations within each parental map were performed using Fishers’ exact test as implemented 
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in the JMP software program (SAS Institute, Cary, NC). We also tested for interaction between 

distorted loci in the two parental maps of each backcross. Only unlinked marker pairs were 

considered in all the tests for epistasis. An experiment-wise significance threshold for was set to 

account for the number of pairwise tests performed in each backcross family.  

 We also evaluated the overall viability contribution of epistatic interactions among all SDL in 

each backcross family using a regression method (Fu and Ritland 1996; Remington and O'Malley 

2000). Briefly, the nearest marker to each SDL was selected and the presence or absence of the 

least frequent marker allele (representing the negative SDL effect) was recorded for all 

individuals and all SDL. We counted the number of individuals with i negative SDL alleles at a 

total of m SDL per backcross family. The expected frequency of individuals with i negative SDL 

was estimated from the binomial expectation without selection. The log-transformed ratio of the 

observed/expected frequency was then regressed on i. In the absence of interaction between the 

SDL, a simple linear relationship is expected, while considerable negative interactions among 

SDL should result in a significant negative coefficient for the interaction term in a quadratic 

model. 

Estimation of genomic composition of hybrid gametes 

The percentage donor and recurrent genomic DNA in each member of the two backcross families 

was estimated using the Graphical GenoTyping (GGT) software package 

(http://www.spg.wau.nl/pv/pub/ggt/, Wageningen University, The Netherlands). The parental 

origin of marker alleles at each map location was used to estimate the overall genomic 

composition of male and female gametes inherited from the hybrid tree. This estimate is based on 

two assumptions that may frequently be violated in genetic maps. Firstly, recombination events 

are assumed to have occurred exactly midway between marker loci and, secondly, a uniform ratio 

of physical map distance to genetic map distance is assumed. Fortunately, both sources of error 

should be unbiased with respect to linkage phase and the estimated proportions of donor DNA 

should hold in most cases. A genome-wide estimate of allelic composition was not possible for 

gametes of the recurrent pure species parents, because the linkage phase of marker alleles was 

arbitrary from one linkage group to the next in these parental maps.  
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  RESULTS 

Hybrid inviability, sterility and breakdown in the E. grandis × E. globulus cross 

The F1 hybrid (tree no BBT01058) selected for backcrossing was a rare individual in a large F1 

progeny set. A total of 45 polymix families were produced by controlled pollination of selected E. 

grandis mother trees with two 10-tree pollen mixes of E. globulus parents. Only 4.4% of F1 seed 

germinated and many weak and abnormal phenotypes were observed at the seedling stage. Only 

3.2% of surviving F1 hybrids were sufficiently vigorous and normal to be advanced to clonal 

evaluation, and of these, only 9% were selected as clones. Considerable differences in hybrid 

viability was observed among different combinations of E. grandis mother trees and E. globulus 

pollen mixes, which suggests that variation in hybrid combining ability exists within both species 

(Griffin et al. 2000).   

The germination rate of F2 backcross seed was approximately 50% and a larger proportion of 

normal plants was observed. However, abnormal phenotypes such as dwarfs, abnormal leaf 

pigmentation, abnormal rooting, deformed stems and deformed shoots were observed in many 

individuals.    

Segregation distortion in AFLP markers 

A total of 704 testcross markers were evaluated for segregation distortion in the E. globulus BC 

family and 650 in the E. grandis BC family (Table 1). Approximately 27% and 30% of testcross 

AFLP markers scored in the E. globulus and E. grandis backcross families were significantly 

distorted at the 0.05 level of significance, while approximately 13% were significantly distorted 

at the 0.002 level (corresponding to a genome-wide significance level of 0.05) in both families. 

At both levels of significance, more markers were distorted than can be explained by chance.  The 

proportion of distorted loci (at the 5% level) in the E. globulus BC family differed somewhat 

between the hybrid and E. globulus parents (30.6% vs. 20.6%), but a similar proportion of loci in 

the E. grandis BC family was distorted in the hybrid and E. grandis parents (28.5% vs 30.9%).  

Distribution of segregation distortion in the framework genetic maps  

AFLP fragments with skewed segregation ratios mapped to defined regions in the four genetic 

maps and distortion was highly directional in each block of distorted markers (Figure 2). Only 

one map region on linkage group 6 of the E. globulus parent, and two regions, on linkage group 3 

and 9, in the E. grandis backcross parent were distorted at the 0.002 level of significance. 
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However, at least six different map regions were distorted in each of the paternal and maternal 

genetic maps of the F1 hybrid (Table 2).  

We excluded individual distorted markers at the end of linkage groups, especially where 

distortion was in the opposite direction than neighboring markers (e.g. LG8gl, Figure 2).  These 

markers may have been placed at the end of linkage groups as a result of the less stringent criteria 

for framework markers at terminal positions that is inherent to the mapping process. Markers that 

are significantly distorted in the opposite direction than flanking markers will exhibit an excess of 

double crossover events with neighboring markers and will not be placed in internal map 

intervals, unless the distance between the flanking markers is large. 

Marker loci that were not significantly distorted at the 0.05 level of significance exhibited a 

random fluctuation in the direction of deviation (Figure 2). These small deviations from a 1:1 

ratio of segregation reflect the magnitude of scoring error in the marker data. However, most map 

regions that included at least one marker distorted at the 0.05 level showed unidirectional 

distortion throughout the distorted region (e.g. LG3gr and LG11gl, Figure 2). This is consistent 

with the presence of one or more weak SDL in these regions, but this level of distortion may also 

be due to sampling error at the chromosome arm level.  

All map regions that were distorted at the 0.002 level showed strong directionality and in most 

of these regions the level of distortion peaked at locations that are suggestive of the presence of 

strong viability factors. A severely distorted map region was observed at the same location (on 

LG6) in the paternal and maternal maps of the hybrid (Figure 2). In both maps, an excess of E. 

globulus marker alleles was obtained. Up to 80.6% of individuals in the E. globulus BC inherited 

the E. globulus marker allele of the F1 hybrid, while up to 94.2% of individuals in the E. grandis 

BC carried the same marker allele (Table 2). Several other regions in the maternal and paternal 

genetic maps of the hybrid were significantly distorted at the 0.002 level. In approximately half of 

the distorted regions, the E. globulus allele was in excess, while the E. grandis allele was favored 

in the rest.  

In a classical backcross breeding framework, genetic material of the E. grandis grandmother 

that was inherited via the F1 hybrid, can be considered as either donor or recurrent DNA in the E. 

globulus and E. grandis BC families, respectively, and the opposite holds for E. globulus DNA 

inherited from the F1 hybrid. Allelic effects in this interspecific pedigree can be evaluated in the 

same conceptual framework. Based on this model, donor chromosome segments were favored at 

approximately the same frequency as recurrent segments in both backcrosses (Figure 2). 
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Multipoint comparative mapping of SDL via Bayesian MCMC  

If segregation distortion in this wide interspecific cross can be ascribed to genetic factors that 

affect the fertilization ability of F1 gametes or the viability of F2 zygotes in a multiplicative 

fashion, it should be possible to map these factors as individual SDL in a backcross model. The 

Bayesian MCMC method (Vogl and Xu 2000) provided an approach to simultaneously estimate 

the position and effects of multiple SDL in each linkage group, and to model random sources of 

distortion such as marker scoring error. The posterior distribution of SDL positions and effects 

(Figure 3, Table 3) sampled through 3500 iterations of the MCMC, provided estimates of the 

location and strength of SDL in the four linkage maps. In most cases, the distribution of posterior 

data points (Figure 3) corresponded well with the magnitude and peaks of segregation distortion 

in the raw marker data (Figure 2).  

Posterior means for SDL effects ranged from 8.2% to 33.4% in the genomes of the three 

parents. This corresponded to an increase or decrease in individual allele frequencies of 16.4% to 

66.8%. SDL effects in a backcross design can also be expressed as the relative viability (t) of 

gametes or zygotes with 0 < t < 1 (Cheng et al. 1998). The relative viabilities of gametes and 

zygotes with alternative SDL alleles ranged from 0.20 to 0.72 (Table 3). 

The posterior probability of an SDL in a distorted map region can be estimated by the 

frequency of SDL inferred in the map region during MCMC iterations. Posterior probabilities 

calculated in this way ranged from 0.11 to 1.0 (Table 3). Alternatively, the posterior probability 

of SDL can be summarized as SDL intensity by summing posterior effects over discrete linkage 

intervals (Sillanpaa and Arjas 1998). SDL intensities calculated in this way provide evidence for 

the relative significance of estimated SDL effects in the genomes of the F1 hybrid and of the 

backcross parents (Figure 4). 

 The maximum number of SDL inferred on a single linkage group was for linkage group 6 of 

the paternal map of the hybrid (Figure 4). Two separate SDL intensity peaks were located at 93 

cM and 166 cM with mean effects of 23.3% and 33.4%, respectively (Table 3). These SDL 

account for the severely distorted region at the lower end of this linkage group. A third SDL of 

opposite effect was inferred at 51 cM to account for the abrupt change in the magnitude of 

distortion at the middle of the linkage group. A more gradual change over map distance and a 

more defined peak in distortion was observed in linkage group 6 of the maternal map of the 

hybrid. A single SDL with a mean effect of 28% was inferred at this location (92 cM). The only 
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SDL inferred in the map of the E. globulus BC was located at a similar position (96 cM) on 

LG6gl. No SDL was inferred on LG6 of the E. grandis BC parent. 

 Another occurrence of SDL in syntenic positions of the map was observed at the beginning of 

LG8 of the paternal and maternal map of the hybrid. In both cases the SDL allele of the 

respective donor parent was favored. The recurrent SDL allele was favored in the distorted map 

region observed at the beginning of LG2 of both maps of the F1 hybrid. 

 SDL inferred on LG5p and LG9p were not matched by SDL effects in the maternal map of the 

hybrid. Similarly, SDL placed on LG7m and LG11m were only present in the maternal map of 

the F1 hybrid. These SDL may represent genetic factors that operate in only one of the two 

recurrent genetic backgrounds.  

Epistatic interactions between SDL 

Pairwise contingency tests for interaction between SDL revealed only two interactions in the E. 

grandis BC and one interaction in the E. globulus backcross that were significant at the 0.05 level 

(Table 4). Five additional interactions in the E. globulus BC and three in the E. grandis BC were 

only marginally significant with P-values ranging from 0.0587 to 0.0978. A total of 36 pairwise 

combinations were tested in the E. grandis BC parents and 21 in the E. globulus BC family. The 

number of significant interactions observed was therefore not more than that expected by chance 

at the 0.05 level, although more than expected interactions had p-values of less than 0.1.  

 Only one interaction, that between distorted markers on LG7p and LG11p of the hybrid 

maternal map (P = 0.0007), was significant at the experiment-wise significance level (Table 4). 

The frequency of E. globulus backcross progeny with the E. grandis donor allele at both marker 

loci, AAA/CGA-114 on LG7m and ACG/CCA-271 on LG11m, was 30% lower than expected, 

while 23.6% fewer than expected individuals carried E. globulus alleles at both loci. In total, 

46.6% of individuals in the E. globulus BC family contained the E. grandis allele on LG7m and 

E. globulus allele on LG11m, which is consistent with the direction of distortion on these two 

linkage groups (Figure 2).  

The most significant interaction in the E. grandis BC was between marker locus ACC/CCA-

355 on LG1p and ATC/CCA-077 on LG10gr 9 (P = 0.0048). A deficiency of 44.8% of 

individuals with the E. globulus donor allele on LG1p and the repulsion phase allele on LG10gr 

was observed (Table 4). Marker locus ACC/CCA-355 on LG1p was also involved in a putative 

interaction with AAG/CGG-165 on LG2p in which individuals with E. globulus donor alleles at 

both loci were reduced with 31.3% over that expected.  
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The rest of the pairwise tests listed in Table 4 were not significant at α = 0.05, but were in 

most cases part of interactions among three or more genomic regions. This suggests the presence 

of higher order epistatic interactions within and between parental genomes. Unfortunately the 

population sizes used here (n = 156 for the E. grandis BC and n = 177 for the E. globulus BC) 

does not allow enough statistical power to test for higher order interactions, especially with 

marker loci that are severely distorted.  

Tests of all pairwise combinations of unlinked markers within each of the four parental maps 

revealed more putative epistatic interactions between significantly distorted, marginally distorted 

and undistorted map regions (results not shown). However, a large number of pairwise tests were 

required for each genome, and statistical power was also too low for such a comprehensive test of 

epistasis. 

Finally, we tested the overall contribution of interaction between the SDL segregating in each 

backcross family using a modified version of the method of Fu and Ritland (1996). Two models 

for viability selection were compared within each BC family. The simple linear model, ln f(i) = a 

+ b1i, was compared to ln f(i) = a + b1i + b11i2, a model with a quadratic term to represent all 

pairwise interactions, with    
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i.e. the ratio of observed (ni) to expected frequency of individuals with i out of m possible 

negative SDL alleles. The frequency distribution of ni (Figure 5A) shows that the majority of 

genotyped individuals of the E. grandis and E. globulus backcross families carried a combination 

of two, three or four, negative SDL alleles. Only 2% of individuals in each backcross family had 

the favored allele at all SDL. No backcross progeny were observed with more than 7 or 8 

negative SDL alleles in the E. globulus and E. grandis BC families, respectively. In both 

backcrosses, the linear regression model provided very good fits with the observed data (R2 > 

0.96, Figure 5B) and the coefficient of the quadratic term was not significant in either backcross 

family (Table 5).  

Distribution of donor and recurrent DNA in hybrid gametes 

The relative proportions of donor and recurrent genetic material contributed by the F1 hybrid to 

the genomes of the E. grandis and E. globulus backcross individuals are summarized in Figure 6. 

The mean of this distribution represent the net effect of SDL across all the gametes sampled for 
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linkage map construction. However, chance events during meiosis in the hybrid, such as the 

number of recombinations per gamete and random assortment of E. grandis and E. globulus 

centromeres into gametes, may be more important in determining the genomic composition of 

individual gametes. 

The proportion of E. globulus DNA in female gametes of the F1 hybrid ranged from 26.5% to 

78%. In this backcross, E. globulus DNA represent recurrent genetic material and the mean 

proportion of recurrent genetic material inherited via the female gametes was 49.3% (i.e. 50.7% 

donor composition). 

The proportion of E. globulus DNA in male gametes of the F1 hybrid ranged from 26% to 

75%. E. globulus DNA represent donor genetic material in this cross. The mean proportion of 

donor genetic material inherited via pollen was 50.7%. The small overall excess of E. globulus 

DNA in male gametes vs. female gametes of the F1 hybrid may be due the fact that E. globulus 

alleles were favored in four out of seven distorted regions in the paternal map of the hybrid. The 

average genomic composition of male and female gametes of the hybrid was not significantly 

different (P=0.202). 

DISCUSSION 

Analysis of postzygotic isolation barriers in interspecific backcross families of Eucalyptus  

F1 hybrid sterility and F2 hybrid viability in wide interspecific crosses can only be studied in the 

F2 generation of such hybrids, providing that prezygotic crossing barriers can be overcome. 

Gravilets and Cruzan (1998) have argued that the analysis of F1 hybrids is as important as the 

analysis of parental forms in experimental studies of introgression between different species, 

because the fitness of F1 hybrids plays an important role in gene flow between parental species.  

Furthermore, genetic mapping of F1 hybrids provide a powerful approach to study the interactions 

of differentiated genes and genomes in a hybrid genetic background (Rieseberg et al. 2000).   

The pseudo-backcross mating design used in this study allowed us to avoid inbreeding 

depression that would result from conventional backcrossing. It also allowed us to construct 

comparative genetic maps of the F1 hybrid and the pure species parents. The direction of crossing, 

a direct result of the unilateral mating barrier between the two species, resulted in a paternal map 

and a maternal map of the hybrid tree. A high proportion of testcross AFLP markers segregated in 

both backcrosses and this allowed us to fully align the paternal and maternal maps of the hybrid 

tree. These maps represent the male and female gamete contribution of the F1 hybrid to the F2 
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generation, as filtered through any gametic or postzygotic selection on the BC progeny. Detailed 

haplotype maps (graphical genotypes) of the gamete received by each backcross progeny member 

can be inferred from this information. 

Our analysis of segregation distortion in the comparative linkage maps of the parents of the 

two interspecific backcross families provides information on the location and relative effect of 

putative F1 hybrid sterility and F2 hybrid viability factors in these genomes. Gametic effects on 

segregation ratio cannot be distinguished from zygotic effects in a backcross model, because 

allele frequencies are the same as genotypic frequencies in this model (Cheng et al. 1998). We 

can therefore not directly distinguish among distorted regions caused by putative F1 hybrid 

sterility factors and F2 viability factors. However, patterns of distortion in the comparative 

linkage maps can be used to infer potential genetic mechanisms involved in segregation 

distortion. In this experimental design, it is not possible to distinguish between selection for one 

allele and selection against the other at any particular locus. Different combinations of selection 

coefficients for the two alleles at each locus may result in the same relative viability of SDL 

alleles (Cheng et al. 1998). 

Genetic factors that cause differential viability and fertilization ability of F1 hybrid gametes 

contribute to F1 sterility, i.e. a postzygotic isolating barrier between the parental species. These 

genetic factors may be completely nuclear and expressed in the gametophytic stage of the plant, 

or may act in the form of cytonuclear interactions within the hybrid during gamete production. In 

wide hybrids of rice, the cytoplasmic genome was found to have a large effect on the fertility of 

male and female gametes of F1 individuals (Li et al. 1997). In this experimental design, genetic 

factors that cause differential fertilization ability of hybrid pollen should segregate in the paternal 

map of the F1 hybrid, while genetic factors that affect the fertilization of female gametes 

produced by the hybrid should segregate in the maternal map of the F1 hybrid. In addition, 

compatibility interactions between hybrid pollen and E. grandis flowers, and E. globulus pollen 

and hybrid flowers may also cause segregation distortion in the respective parental maps. 

The E. grandis × E. globulus cross also exhibited high levels of hybrid breakdown in the F2 

generation, and genetic factors that influence the viability of F2 zygotes, germination rates and 

early seedling survival may segregate in all four maps.  The ‘standard’ two-gene model of 

Dobzhansky (1937) predicts the importance of negative epistatic interactions between these two 

diverged genomes in F1 hybrid inviability and F2 hybrid breakdown. Both nuclear and 

cytonuclear interactions may impact the viability of F2 hybrids (Burke et al. 1998). The disruption 
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of coadapted gene complexes in segregating F2 progeny may also play a role in hybrid breakdown 

in this wide interspecific pedigree. Finally, it is formally possible that recombinations within 

cryptic (undetected) rearrangements between the two genomes may be responsible for some of 

the distorted map regions (Li et al. 1997). The comparative genetic maps were largely collinear, 

but small inversions, duplications, deletions and translocations may go unnoticed at the resolution 

of our framework maps. Rapid karyotypic evolution induced by recombination in hybrids may 

lead to semi-sterility with parental genotypes (Rieseberg et al. 1995). 

Potential non-genetic sources of segregation distortion  

Segregation distortion in genetic maps generally result from the combined effects of genetic 

factors that operate in the early stages of life before DNA samples are obtained for genotyping. 

However, it is important to consider potential non-genetic sources of segregation distortion in 

molecular marker analysis. 

Reduced marker penetrance, i.e. failure of AFLP fragments to amplify in some individuals, 

may lead to AFLP markers with a deficiency of band present marker phenotypes. AFLP 

fragments near the upper limit of the typical AFLP amplification range (700 bp -900 bp) may 

show reduced penetrance, as will fragments with strong secondary structure or unusual base 

composition. Conversely, co-migration of two or more polymorphic AFLP fragments during gel 

electrophoresis will lead to an excess of band present marker phenotypes. Spurious amplification 

of AFLP fragments may also lead to an excess of band present phenotypes, but should have less 

of an effect on overall ratios of band present and band absent distortions. True scoring error, e.g. 

when an AFLP band is present in a lane and it is recorded as absent, and vice versa, should not 

contribute much to segregation distortion, unless it is the result of poor marker amplification.  

Random sources of segregation distortion will almost always lead to an increase in 

recombination with neighboring marker loci and a decrease in the power to detect linkage or to 

order closely linked markers (Liu 1998). In contrast, segregation distortion that result from 

linkage to segregating SDL will result in similar direction and magnitude of distortion in closely 

linked markers and will not lead to serious bias in linkage estimation and marker ordering in a 

backcross model (Lorieux et al. 1995a). 

The excess of distorted testcross markers observed with a greater than 1:1 (band 

present:absent) ratio (Table 1) may be partly due to co-migrating AFLPs segregating out of the 

same parent in the two backcross families. A small number of co-migrating AFLPs were 

confirmed on gel images, all involving markers distorted in the opposite direction from 
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neighboring markers. These markers were not included in the SDL analysis. Finally, 

misclassification of intercross fragments as testcross fragments, due to the consistent failure of 

the intercross AFLP fragment to amplify in one of the two parents, may also result in testcross 

markers with an excess of band present scores.  

Genetic architecture of F1 hybrid sterility and F2 viability in the E. grandis × E. globulus 

cross 

The amount of genetic differentiation between parents in interspecific crosses is generally 

positively correlated with the amount of segregation distortion observed in the progeny of the 

cross. More severe distortion has been observed in wide interspecific crosses of tomato than in 

crosses to closely related species (Paterson et al. 1988; deVicente and Tanksley 1993; Paran et al. 

1995). In this study, approximately 30% of individual AFLP markers genotyped in F2 backcross 

populations of E. grandis × E. globulus were significantly distorted. Analysis of framework 

genetic markers indicated that distorted marker loci map to at least six independent genomic 

regions in the maps of the F1 hybrid and two regions in the maps of the pure-species parents 

(Figure 2).  

We observed a wide range in the magnitude of distortion in the four linkage maps. In the most 

extreme case, 94% of genotyped backcross progeny possessed the E. globulus allele of marker 

locus AAA/CCG-279 on linkage group 6 of the paternal map of the hybrid (Table 2). The relative 

viability of gametes or zygotes with the E. grandis allele of the SDL inferred at this map position 

was only 20% of that of gametes or zygotes with the E. globulus allele. The same region was 

distorted in the maternal map of the hybrid and the paternal map of the E. globulus backcross 

parent. This severe SDL may be caused by strong fertilization selection on male and female 

gametes of the hybrid. 

Direction of SDL effects in the parental maps 

Selection for hybrid gametes or zygotes with recurrent alleles of SDL such as in linkage groups 2, 

6 and 11 of the maternal map and linkage groups 1, 2 and 3 of the paternal map of the hybrid is 

consistent with the expectation of negative genetic interactions of diverged donor alleles with the 

recurrent genetic backgrounds. These interactions may be expressed as general deleterious effects 

of donor alleles in the recurrent genetic background, or may be multiple instances of specific two-

gene interactions as predicted by Dobzhansky (1937).   
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SDL with viability effects in only one of the two backcrosses (e.g. linkage groups 7m, 11m, 

5p and 9m) may indicate sex-specific viability selection in F1 gametes or background specific 

selection in F2 zygotes. For example, the relative viability of the E. grandis (donor) allele on 

LG11m was 0.56 in the E. globulus BC, but no distortion was observed in this linkage group in 

the E. grandis BC family. Differences between gametophytic selection in male and female 

gametes have been documented in reciprocal backcrosses of wide Aegilops tauschii hybrids (Faris 

et al. 1998). 

Distortion in favor of donor alleles has been observed in hybrids of tomato (deVicente and 

Tanksley 1993), cotton (Jiang et al. 2000) and sunflower (Rieseberg et al. 1996).  Patterson et al. 

(1988) found that 12 of 21 distorted regions in a wide hybrid of tomato showed an excess of 

heterozygotes. In this study, four out of seven genomic regions were skewed towards the donor 

parent (E. globulus) in the paternal map of the hybrid, while three of the six regions distorted in 

the maternal map were skewed towards the donor parent (E. grandis).  Loci that affect the growth 

rate of pollen tubes may explain the selection for hybrid gametes carrying the E. globulus donor 

allele of four SDL (LGs 5p, 6p, 8p, 9p) in the paternal map of the hybrid. Fixed genetic load in 

either recurrent background may also explain the selection for F2 zygotes with donor genetic 

material (Loren Rieseberg, personal commun.). 

 A substantial proportion of SDL located in the maps of the F1 hybrid may represent genetic 

variation that is fixed between the genomes of E. grandis and E. globulus. All hybrid viability 

loci with non-overlapping allele populations in the two species, should be in heterozygous state in 

the hybrid and should segregate in the recurrent genetic background. Viability or sterility factors 

that only operate in hybrid genetic background may also segregate within species, providing that 

they have no fitness effects in the parental species. The SDL mapped in the E. grandis and E. 

globulus backcross parent may represent examples of hybrid viability factors that are not fixed 

within the two species.  

Epistatic interactions among SDL in distorted regions of the parental genomes 

Our evaluation of overall epistatic interactions using the regression method of Fu and Ritland 

(1996) did not produce evidence for a significant contribution to viability by interactions between 

negative SDL effects. The linear regression models produced very strong fits of the data and the 

interaction terms contributed very little to the R2 of the quadratic models (Table 5). However, this 

does not rule out individual epistatic interactions between SDL, or epistatic interactions in 
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opposite directions. The test does also not account for epistatic interactions elsewhere in the 

genome.  

 The one significant interaction observed in the E. globulus BC family (between SDL on 

LG7m and LG11m, Table 5) provides evidence for a positive interaction between a donor allele 

and a recurrent allele in the E. globulus recurrent genetic background. Rieseberg et al. (2000) 

argued that donor alleles or chromosomal fragments that are selectively favored in recurrent 

genetic backgrounds may represent examples of “selfish” genes, i.e. “genes that enhance the 

success of gametes they inhabit even if they pose a significant fitness cost during the diploid 

phase of the life cycle”. The alleviation of genetic load in the recurrent background by the donor 

allele may also explain this phenomenon.  

 Only one putative interaction fits the standard “two-gene” model proposed by Dobzhanky 

(1937). In the E. grandis BC family, the frequency of individuals with the E. globulus donor SDL 

allele on linkage group 1 of the F1 hybrid and the repulsion phase SDL allele on LG 10 of the E. 

grandis backcross parent was 45% lower than expected (P = 0.0048). This is therefore an 

example of a negative viability interaction between a gene in the donor species and a gene in the 

recipient species. More such negative donor-recipient interactions may exist, but will go 

undetected in this experimental design if the recipient gene is not segregating. These cases may  

manifest as donor SDL alleles with viability effects in the F1 hybrid, but no interaction with loci 

in the recurrent genetic background. 

Effect of viability loci on introgression 

An average of 50% of donor genetic material is expected in each gamete inherited from the E. 

grandis × E. globulus hybrid, if segregation distortion has no net effect on the genomic 

composition of gametes sampled for mapping. However, the particular combination of SDL 

alleles in each gamete, the number of recombination events, and the pattern of assortment of E. 

grandis and E. globulus centromeres into each gamete can result in individuals with an excess or 

deficiency of donor genetic material. We did not detect a significant difference in overall genome 

composition (ratio of E. globulus: E. grandis genetic material) between male and female gametes, 

although large differences existed in skewed regions of the haplotype maps (Figure 2). This may 

have implications for advanced generation hybrid breeding, because the rate of introgression of  

particular donor fragments may be very low depending on the direction of introgression, or the 

sex of donor gametes.  
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Implication for evolutionary processes in Eucalyptus  

Natural populations of E. grandis and E. globulus are completely separated geographically.  E. 

globulus populations range from approximately 38°S to 43°S and are mainly restricted to eastern 

Tasmania and the southern extremes of Victoria (Eldridge et. al. 1993). The distribution of E. 

grandis ranges from 16°S to 33°S along the eastern coastline of New South Wales and 

Queensland. The pseudobackcross mating design used in this study may resemble the mating 

patterns that would result from secondary contact between the E. grandis and E. globulus in 

natural stands, if other prezygotic barriers to hybridization could be overcome. The F1 hybrid 

individual selected for backcrossing was very vigorous and flowered early, while many of its 

other siblings were much less vigorous. In a natural stand with both parental species represented, 

vigorous, early flowering F1 individuals will be much more likely to successfully mate with each 

other and with individuals of the parental species. Direct backcrosses to the original parents may 

also occur, but will suffer from the combined effects of inbreeding depression and outbreeding 

depression.  

It is however very unlikely that secondary contact between these two species will lead to 

significant hybridization or introgression. Even F1 hybrids between E. globulus and sympatric 

species with overlapping flowering time, such as E. ovata, are very rare in nature. Field trials of 

such F1 hybrids have revealed that their reduced viability puts F1 hybrids at a selective 

disadvantage with intraspecific half-sibs at all stages of the life cycle. F1 hybrids also flowered 

much later than either species, which would reduce the opportunity of advanced generation 

hybridization (Lopez et al. 2000). Hybrid population sizes resulting from wide crosses in natural 

stands may not be large enough to recover rare, vigorous hybrid genotypes. In habitats that are 

marginal for both species however, some hybrids may have higher fitness than both parents and it 

is in these circumstances that new evolutionary lineages are most likely to be established (Arnold 

et al. 1999). 

The series of controlled E. grandis × E. globulus interspecific crosses that generated the F1 

hybrid (tree no BBT01058) exhibited high amounts of F1 hybrid inviability and abnormality. 

Approximately 95% of F1 seed did not germinate and only a small proportion of plants were 

normal (Griffin et al. 2000). This suggests that large amounts of genic incompatibility exists 

between these two diverged genomes and that strong postmating barriers to hybridization remain, 

even after all premating barriers are removed. Structural incompatibilities may also exist, but 

should only appear in the products of F1 meiosis.  
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Considerable genetic variation may exist for hybrid viability and hybrid sterility in the 

parental species, because some polymix families produced much higher proportions of normal 

plants, and the selected F1 hybrid was cross fertile with both parental species. The two gametes 

that make up the genome of this superior F1 individual may contain a very rare compatible 

combination of parental alleles that is free of significant deleterious interactions and which allows 

the apparent expression of hybrid vigor in this individual. However, recombination of the E. 

grandis and E. globulus homologs of the F1 hybrid and segregation in the recurrent genetic 

backgrounds evidently produced new incompatible gene combinations, because the frequency of 

hybrid inviability and hybrid abnormality was still high in the F2 generation. 

The pattern of segregation distortion in the genetic maps of the F1 hybrid reveals the 

cumulative effect of gametic and zygotic selection on the introgression of donor genetic material 

in the F2 backcross generation. Surprisingly, F1 gametes or F2 individuals with donor genetic 

material in several genomic regions were more viable, especially in the E. grandis BC where the 

F1 hybrid was used as a pollen parent. Genetic factors that cause differential fertilization ability in 

hybrid pollen may lead to rapid fixation of donor or recurrent genomic segments in advanced 

hybrid generations (Rieseberg et al. 1996; Jiang et al. 2000). Some forms of gametophytic 

selection have also been associated with increases in vegetative vigor of the resulting hybrid 

progeny (Quesada et al. 1996).  

Application in hybrid breeding programs 

Knowledge of the genetic basis of prezygotic and postzygotic barriers to hybridization in the 

genus Eucalyptus is fundamental to the development of effective strategies for hybrid breeding. 

Much has been learned from the study of natural hybrids in Eucalyptus (Griffin et al. 1988), but 

the success of artificial hybridization and advanced generation introgression as breeding tools will 

depend on more detailed analysis of barriers to hybridization in known pedigrees. Genetic 

mapping studies of different F1 hybrids will provide ideal opportunities to determine common 

genetic components of hybrid sterility and hybrid viability in particular interspecific 

combinations. The genetic architecture of F1 viability, F1 sterility, and F2 breakdown, and genetic 

diversity at the loci involved, will determine the feasibility of a directed breeding approach to 

improve the compatibility of elite parents in different species. Our results show that genetic 

variation for these hybrid fitness traits exists in parental species. This is consistent with 

observations of differential uniformity of hybrid seedlings obtained from different pure-species 

parents in the same interspecific crosses (Griffin et al. 2000). 
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If loci with major effects on hybrid viability can be identified and genotyped in parental trees, 

it may be possible to increase the efficiency of hybrid breeding programs by selecting parents 

without major incompatible allele combinations. This approach will increase the success rate of 

hybrid crosses by increasing the proportion of hybrid individuals that express normal hybrid vigor 

and can be selected for production traits. Large populations of F1 and F2 hybrid progeny will be 

required to recover genotypes with desirable alleles at multiple viability and fertility loci. 

 Advanced generation hybrid breeding may be an attractive approach to introgress 

complementary traits from related eucalypt species, provided that hybrid breakdown can be 

managed efficiently. Genetic load will still prohibit true backcross introgression, and additional 

incompatible gene interactions may be generated in advanced backcrosses to different recurrent 

parents. Our results show that donor alleles at some SDL may increase hybrid fitness. Marker 

assisted breeding methods may be used to combine favorable viability effects into a common 

hybrid genotype with the desired introgressed genomic segments (Howell et al. 1996).  
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Table 1 

Observed proportions of loci with distorted segregation ratios in the two interspecific 

backcross families 

Backcross family 0.05 level 0.002 level 

  number % number % 

E. globulus BC      

Total number of testcross AFLPs 704 100%   

Number distorted in the Hybrid maternal map   140/457 30.6% 76 10.8% 

Number distorted in the E. globulus paternal map 51/247 20.6% 15 2.1% 

Total number distorted from 1:1 ratio 191 27.1% 91 12.9% 

Excess of band present class (> 1:1 ratio) 113 16.1% 57 8.1% 

Deficiency of band present class (<1:1 ratio) 78 11.1% 34 4.8% 

     

E. grandis BC      

Total number of testcross AFLPs 650 100%   

Number distorted in the Hybrid paternal map 104/365 28.5% 37 5.7% 

Number distorted in the E. grandis maternal map 88/285 30.9% 46 7.1% 

Number distorted from 1:1 ratio 192 29.5% 83 12.8% 

Excess of band present class (> 1:1 ratio) 98 15.1% 46 7.1% 

Deficiency of band present class (<1:1 ratio) 94 14.5% 37 5.7% 
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Table 2 

Summary of significantly distorted map regions observed in the four parental maps. 

Map Marker a 

Linkage 

group 

Map 

position
2χ  P b 

Band 

absent

Band 

present 

% 

deviation c
Linkage 

Phase 

    (cM)   (%) (%) from 1:1 Identity d

E. globulus 
paternal 

ACA/CCT-354 6gl 94.4 16.05 6.16 × 10-05 65.1 34.9 15.1 n.a. 

          
Hybrid 
maternal 

AAG/CTG-048 1m 84.3 7.53 6.05 × 10-03 39.5 60.5 10.5 E.grandis 

" ACA/CCA-164 2m 15.4 13.09 2.97 × 10-04 63.6 36.4 13.6 E.grandis 

" ATC/CCA-198 6m 91.4 65.42 6.04 × 10-16 80.6 19.4 30.6 E.grandis 

" AAA/CGA-114 7m 63.1 8.00 4.68 × 10-03 61.1 38.9 11.1 E.globulus

" AAC/CCC-397 8m 73.2 7.45 6.35 × 10-03 60.3 39.7 10.3 E.globulus

" ACG/CCA-271 11m 78.0 16.05 6.17 × 10-05 74.2 25.8 24.2 E.grandis 

          
Hybrid 
paternal 

ACC/CCA-355 1p 57.5 13.74 2.10 × 10-04 64.9 35.1 14.9 E.globulus

" AAG/CGG-165 2p 0.0 13.08 2.98 × 10-04 64.9 35.1 14.9 E.globulus

" AAG/CCT-430 3p 32.3 10.03 1.54 × 10-03 36.8 63.2 13.2 E.grandis 

" ACC/CCA-298 5p 103.8 14.96 1.10 × 10-04 65.6 34.4 15.6 E.grandis 

" AAA/CCG-279 6p 113.1 121.09 3.65 × 10-28 5.8 94.2 44.2 E.globulus

" ACA/CCA-087 8p 19.1 17.69 2.60 × 10-05 32.7 67.3 17.3 E.globulus

" ACT/CCA-274 9p 91.5 17.33 3.14 × 10-05 33.3 66.7 16.7 E.globulus

          
E.grandis 
maternal 

ACA/CCA-129 3gr 34.1 36.29 1.70 × 10-09 25.8 74.2 24.2 n.a. 

" ATC/CCA-077 10gr 0.0 20.30 6.62 × 10-06 31.5 68.5 18.5 n.a. 
a Only the most distorted maker in each distorted region is listed 
b Only map regions with two or more markers distorted at the 0.01 level of significance are represented 
c The absolute value of the percent deviation from a 1:1 ratio of marker alleles 
d Species origin of the AFLP fragment (band present class). Linkage phase is known for the two maps of 
the F1 hybrid, but arbitrary from one linkage group to another in the maps of the backcross parents.  
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Table 3 

Summary of the posterior distribution of SDL positions and effects estimated by the 

Bayesian Monte Carlo Markov chain procedure 

Parental  SDL Linkage Position (cM) Effect c Relative  Posterior  

 Map No  Group Mean a STD Peak b Mean STD viability d Probability e

E. globulus 
paternal 1 6gl 97.72 4.27 96.0 14.94 7.86 0.54 1.00 

           
Hybrid 
maternal 1 1m 89.87 2.22 88.0 -9.43 4.91 0.68 0.11 

 2 2m 14.16 2.40 14.0 12.13 8.45 0.61 0.67 
 3 6m 91.22 1.36 92.0 28.08 5.65 0.28 1.00 
 4 7m 60.62 2.70 63.0 -9.57 4.89 0.68 0.22 
 5 7m 73.34 2.67 74.0 -9.99 4.64 0.67 0.13 
 6 8m 36.10 5.60 38.0 -10.51 5.21 0.65 0.56 
 7 11m 75.60 4.17 75.0 14.27 5.87 0.56 0.89 
          
Hybrid 
paternal 1 1p 58.94 6.14 56.0 -13.14 6.09 0.58 0.55 
 2 2p 29.22 5.11 30.0 -8.20 10.76 0.72 0.36 
 3 3p 70.76 16.18 75.0 -8.50 5.36 0.71 0.38 
 4 5p 94.88 7.13 90.0 13.11 7.05 0.58 0.90 
 5 6p 49.32 7.38 51.0 -18.43 6.74 0.46 0.90 
 6 6p 92.15 2.35 93.0 23.30 7.55 0.36 0.81 
 7 6p 114.95 2.10 116.0 33.42 9.50 0.20 1.00 
 8 8p 17.21 6.35 16.0 13.18 5.97 0.58 0.84 
 9 9p 91.50 5.25 89.0 15.03 5.83 0.54 0.85 
          
E. grandis 
maternal  1 3gr 34.34 4.87 32.0 20.54 9.15 0.42 1.00 
 2 10gr 7.71 5.31 5.0 18.85 6.85 0.45 1.00 

a Only regions that contained at least one marker distorted at the 0.01 level are shown (see Table 2) 
b Position of the 3-cM interval with the highest SDL intensity 
c SDL effect is calculated as the percent deviation from an expected proportion of 50%. The direction of 
SDL effects in the backcross parents is arbitrary. In the F1 hybrid maps, all SDL effects are associated with 
the E. globulus linkage phase. 
d Ratio of frequency of the less frequent SDL allele to the more frequent SDL allele.  
e Posterior probability of an SDL in the distorted map region. Calculated as the frequency count of SDL 
detected in the distorted region in 350 recorded iterations of the MCMC divided by 350. Note: more than 
350 counts were recorded in some regions, indicating that more than one SDL was inferred in some 
iterations. 
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Table 4 

Summary of test results for epistatic interaction between SDL 

Family a Map Marker b LG Map  P (Fisher's Deficient d Deviation e

    

position 

(cM) Exact Test)c

genotype 

classes 

from 

expected 

E. globulus BC Hy-mat AAA/CGA-114 7 63.1 0.0007 gr - gr -30.0% 

 Hy-mat ACG/CCA-271 11 78.0  gl - gl -23.6% 

        

 Hy-mat ACG/CCA-271 11 78.0 0.0587 gr - c -24.3% 

 Egl-pat ACA/CCT-354 6 94.4  gl - r -7.0% 

        

 Hy-mat ATC/CCA-198 6 91.4 0.0603 gr -gl -20.4% 

 Hy-mat ACG/CCA-271 11 78.0  gl -gr -8.8% 

        

 Hy-mat AAG/CTG-048 1 84.3 0.0698 gl - gl -19.5% 

 Hy-mat ACA/CAG-744 8 34.2  gr - gr -7.9% 

        

 Hy-mat ATC/CCA-198 6 91.4 0.071 gr -gl -31.9% 

 Hy-mat ACA/CAG-744 8 34.2  gl -gr -4.9% 

        

 Hy-mat ATC/CCA-198 6 91.4 0.079 gr - c -33.2% 

 Egl-pat ACA/CCT-354 6 94.4  gl - r -4.4% 

(continued)
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Table 4 

(Continued) 

 

Family a Map Marker b LG Map  P (Fisher's Deficient d Deviation e

    

position 

(cM) Exact Test)c

genotype 

classes 

from 

expected 

E. grandis BC Hy-pat ACC/CCA-355 1 57.5 0.0048 gl - r -44.8% 

 Egr-mat ATC/CCA-077 10 0.0  gr - c -11.2% 

        
 Hy-pat ACC/CCA-355 1 57.5 0.0332 gl - gl -31.3% 

 Hy-pat AAG/CGG-165 2 0.0  gr - gr -8.8% 

        
 Hy-pat ACC/CCA-298 5 103.8 0.0781 gr -gl -12.4% 

 Hy-pat ACT/CCA-274 9 91.5  gl -gr -13.2% 

        
 Hy-pat ACC/CCA-355 1 57.5 0.0722 gl -gr -24.7% 

 Hy-pat ACC/CCA-298 5 103.8  gr -gl -7.0% 

        
 Hy-pat AAG/CGG-165 2 0.0 0.0978 gr - c -14.9% 

 Egr-mat ACA/CCA-129 3 34.1  gl - r -10.2% 
a Interations within and between the maps of the parents of each backcross were tested. Hy-pat, Hy-mat, 
Egl-pat and Egr-mat denote the parental origin of the marker 
b The most distorted marker in each SDL interval was selected for testing (see Table 2) 
c P-value of Fisher’s Exact test. The experiment-wise significance threshold is 0.0024 and 0.0014 for the E. 
globulus BC family and E. grandis BC family, respectively. 
d Two-locus genotype of the genotypic classes that contained fewer than expected individuals. The species 
origin of alleles at loci in the hybrid maps is indicated by gl for E.globulus and gr for E. grandis. Alleles in 
the pure species maps are denoted r for markers in repulsion and c for markers in coupling to the band 
present phase. 
e The percent deviation from the expected count of individuals with the particular two-locus genotype. 
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Table 5 

Results of regression of the log-transformed function, of the number of individuals with i 

negative SDL alleles on i and i2 

Coefficients b1 b11 Model a 

Tests t ratio p value t ratio p value F ratio p value R2 

E. globulus BC              

ln f(i) = a + b1i -12.69 <0.0001 -- -- 161.08 <0.0001 0.964 

              

ln f(i) = a + b1i + b11i2 -12.04 <0.0001 0.63 0.555 72.68 0.0002 0.968 

              

E.grandis BC              

ln f(i) = a + b1i -26.32 <0.0001 -- -- 692.61 <0.0001 0.990 

              

ln f(i) = a + b1i + b11i2 -25.6 <0.0001 0.79 0.460 328.02 <0.0001 0.991 

( )i

i

i
m

nif
5.0

)(









=

, where ni is the observed number of individuals with i negative SDL alleles, m is the total 

number of SDL segregating in the backcross family, and i  = 0, 1, ..m.
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E. grandis  
grandmother 

E. globulus  
grandfather  

Hybrid tree E. grandis  
backcross parent 

E. globulus  
backcross parent 

E. grandis BC family E. globulus  BC family 

×

× ×

pollenpollen

pollen

Figure 1. “Pseudo-backcross” mating scheme used to generate the mapping populations. Note: 
The F1 hybrid was used as a male (pollen) parent in the backcross to E. grandis and a female 
(seed) parent in the backcross to E. globulus. Unrelated parents were selected within each species 
for backcrossing to avoid inbreeding depression.  
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Figure 2. Distribution, magnitude and direction of observed segregation distortion in the 
comparative linkage maps of E. grandis, E. globulus and the hybrid. The 11 linkage groups of 
each parental map are shown end-to-end, with framework marker loci indicated by vertical bars. 
Linkage group numbers of the E. globulus paternal map (gl), E. grandis maternal map (gr), and 
paternal (p) and maternal (m) maps of the hybrid are shown at the top of each graph. Syntenic 
linkage groups in the four maps are indicated by vertical, dotted lines. The red line is a plot of the 
chi-square statistic for deviation from an expected 1:1 ratio of segregation for each marker 
(indicated on the primary Y-axis). The blue dotted, horizontal line shows the critical value of the 
chi-square statistic (3.84) at the 0.05 level of significance. Each vertical bar represents the 
direction and percent deviation from the expected 1:1 ratio of band present vs. band absent, i.e. 
(allele frequency – 0.5) × 100% (indicated on the secondary Y-axis). Allele assignment in the 
pure species maps is arbitrary from one linkage group to another (direction of effects can be 
flipped up or down). However, in the maps of the F1 hybrid, marker data was recoded so that the 
direction of distortion represents that of the E. globulus allele on all linkage groups. Red arrows 
show the location of distorted markers listed in Table 2. Note: Inter-marker distances are not 
shown proportionally on this graph.  
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Figure 3. Posterior distribution of SDL positions and effects in comparative linkage maps of E. 
grandis and E. globulus. Results are shown of 350 recorded cycles of the Bayesian MCMC 
procedure performed for each linkage group. SDL positions and effects are plotted on the X- and 
Y-axes, respectively. Linkage group numbering and phase assignment is the same as in Figure 2. 
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Figure 4. SDL intensity in the comparative linkage maps. SDL intensity (calculated as the sum of 
posterior effects divided by the number of MCMC iterations) is shown for each 3-cM bin. SDL 
intensity in red (indicated on the primary Y-axis) and average effect of SDL in each bin in gray 
(indicated on the secondary Y-axis) are plotted against the cumulative map position within each 
linkage map. Linkage group numbering and phase assignment is the same as in Figure 2. 
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Figure 6. Frequency distribution of the proportion of E. globulus DNA in male and female 
gametes of the E. grandis × E. globulus hybrid tree. E. globulus alleles represent donor DNA in 
the backcross to E. grandis and recurrent DNA in the backcross to E. globulus.  
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ABSTRACT 

The wide interspecific cross of Eucalyptus grandis and E. globulus spp. globulus creates the 

potential to combine favorable growth and adaptability characteristics of E. grandis parents with 

superior wood quality of E. globulus parents. We report the results of a study to characterize the 

genetic architecture of interspecific differences in wood quality traits between these two 

commercially important forest species. More than 1200 amplified fragment length polymorphism 

(AFLP) loci were analyzed in two interspecific backcross families of a superior F  hybrid of E. 

grandis and E. globulus. The molecular marker data were used to construct comparative genetic 

linkage maps of the F  hybrid and the two backcross parents. This allowed us to track the 

segregation of homologous E. grandis and E. globulus donor genetic material in the reciprocal 

genetic backgrounds. Wood samples were collected from members of the two backcross families 

after two years of growth on a field site in Uruguay and used to obtain near-infrared reflectance 

(NIR) spectra for all the trees. We used previously obtained NIR calibrations to predict wood 

property trait values for the two backcross families, including pulp yield, alkali consumption 

during pulping, basic density, lignin content, cellulose content, extractives content, fiber length 

and fiber coarseness. This data was used for quantitative trait locus (QTL) detection and mapping 

in the comparative genetic maps of the parents of this wide interspecific pedigree. We identified 

18 QTLs with significant effects on NIR predicted wood properties in the backcross to E. 

globulus and 13 QTLs with significant effects in the E. grandis BC family. Individual allelic 

substitution effects ranged from 0.26 to 0.67 phenotypic standard deviations and jointly 

accounted for 3.7% to 24.3% of phenotypic variation. QTL analysis of the principal components 

of NIR spectral variation in the two backcross families revealed that several QTLs were shared 

between principal components and NIR predicted wood properties, suggesting a genetic basis for 

the patterns of trait correlation observed in this study. Our results provide insights into the 

possible use of molecular markers to manage advanced generation backcrossing and introgression 

of genetic material between different species of Eucalyptus.  

1

1

INTRODUCTION 

Importance of wood properties for the Eucalyptus pulp and paper industry 

Eucalyptus pulps form the basis of a multibillion-dollar industry. They are used as raw materials 

for printing and writing papers, as well as specialty papers and tissue papers. The essence of the 
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pulping process is the removal of undesirable components of wood such as extractives and lignin, 

while maximizing the yield of desirable components such as cellulose. Large amounts of 

hazardous chemicals are used and contribute significantly to the cost of pulping. Furthermore, 

pulp and papermaking processes and the quality of the final products rely heavily on the quality 

and uniformity of raw materials used. Small changes in wood chemistry such as lignin content 

can lead to large savings in energy cost and chemical use. The species and age of trees grown for 

pulping can influence physical properties such as density, fiber length, fiber diameter and 

microfibril angle which in turn influence fiber performance in paper  (Rudie 1998). Wood from 

different species and provenances also affect chemical properties such as cellulose, hemi-

cellulose and lignin content, which have important implications for pulp yield and paper qualities 

(Cotterill and Macrae 1997). 

Interspecific hybridization is an important approach to the genetic improvement of Eucalyptus 

plantations (Brandao et al. 1984) and holds the promise of combining favorable characteristics of 

different species in a hybrid genetic background (Griffin et al. 2000). However, not much is 

known about the genetic control of wood quality properties in interspecific hybrids of Eucalyptus. 

Knowledge of the genetic basis of interspecific differences in wood properties will allow a more 

directed approach to hybrid breeding in Eucalyptus. Furthermore, quantitative analysis of wood 

properties in interspecific hybrids may provide insight into the nature of fixed genetic differences 

between the parental species, which may be the most valuable type of genetic variation that can 

be  manipulated in advanced generations of hybrid breeding.   

QTL analysis of wood properties  

Most wood properties have relatively high heritability, but low amounts of variation for these 

traits exist within forest species (Zobel and Talbert 1984). Large mapping populations are 

therefore necessary to detect the segregation of genetic factors that affect wood properties in 

forest tree species.  Quantitative analyses of wood properties have also been limited by the lack of 

high-throughput wood property assays that would be suitable for large mapping populations. 

Traditional “wet chemistry” assays for wood properties such as lignin and cellulose content were 

designed for detailed analysis of small numbers of wood samples. Pulp yield assays are also 

difficult to miniaturize without losing relevance to the industrial process. Even “micropulping” 

methods are difficult to apply in large numbers of wood samples (Grattapaglia et al. 1996). 

Genetic analysis of traits relevant to the multibillion-dollar pulp and paper industry would benefit 
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greatly from the development of methods for fast and reliable characterization of a variety of 

wood properties such as wood and pulp composition.  

NIR analysis of wood quality traits in Eucalyptus 

Near infrared reflectance (NIR) spectroscopy combined with multivariate analysis has been 

proposed as a high-throughput approach for the assessment of pulping properties in Eucalyptus 

(Michell and Schimleck 1998). Variation in the NIR spectra of woods arise from changes in the 

vibrations of bonds in the chemical components of wood and can this can be used as a sensitive 

monitor for differences in wood chemistry (Schimleck et al. 1997). Cross-validation of NIR 

calibration models for a series of pulping properties have shown that most pulping properties are 

well described (R >0.9) by NIR spectroscopy (Antti et al. 1996). 2

Previous QTL mapping experiments of wood properties in Eucalyptus (Grattapaglia et al. 1996; 

Verhaegen et al. 1997) have focused on physical wood properties such as wood specific gravity 

that are relatively easy to measure in large numbers of trees. Both studies reported the presence of 

a fairly small number of QTLs  (3-5) that together explained approximately 20 – 25% of 

phenotypic variation and approximately 50% of genetic variation for the traits of interest. 

Grattapaglia et al. (1996) used a micropulping technique to estimate cellulose pulp yield in 164 

individuals of an interspecific maternal half-sib family of E. grandis × E. urophylla, but were 

unable to detect any QTLs for pulp yield in this family.  

This study 

In this paper we present the results of an investigation of the genetic basis of interspecific 

differentiation in chemical and physical properties of wood in a wide interspecific hybrid of E. 

grandis and E. globulus spp globulus. These two species have contrasting trait means for several 

wood properties and interspecific backcross families of an F  hybrid of these two species were 

expected to segregate for these traits. Here we show how a combination of high-throughput 

methods for genotyping (AFLP analysis) and wood property assessment (NIR analysis) can be 

used to identify genetic factors with significant effect on wood properties in the genome of the F  

hybrid of E. grandis and E. globulus and in the pure species parents. 

1

1

Previous studies of wood properties in forest trees 
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MATERIALS AND METHODS 

The genetic structure of the mapping populations used for QTL analysis and identities of the 

parental trees were identical to that described in Chapter 3. The two-way pseudo-backcross 

design used for population development (Figure 1) resulted in two interspecific backcross 

families with a shared F  hybrid parent (Griffin et al. 2000). Seedlings from the E. grandis BC 

family (seedlot 2162) and the E. globulus BC family (seedlot 2395) were grown in 8 × 13 

seedling trays in a nursery in Paysandu, Uruguay. Both seedlots denote family numbers of 

Forestal Oriental S.A. (FOSA), Uruguay. The seedlings were assigned random numbers in the 

seedling trays and tagged with imprinted aluminum labels. Leaf samples were then collected from 

all the seedlings and shipped to North Carolina State University for DNA extraction and AFLP 

genotyping. After hardening, the seedlings of each family were transplanted to a field site in the 

order of the (random) numbers assigned to the seedlings in the nursery. Each family was planted 

in a uniform field site in a single block with 3 m × 3 m spacing in rows and columns. Three 

border rows of a single clonal genotype were planted around each family block. The two 

backcrosses were made in two consecutive years using the same F  tree and the field trials each 

established one year later. A total of 450 seedlings of the E. grandis BC family were planted in 

1997, and 484 seedlings of the E. globulus BC family were planted in 1998. Each family was 

grown for two years on the field site.  

1

1

 A significant proportion of the F  backcross progeny exhibited hybrid abnormality phenotypes 

(Griffin et al. 2000). Mortality was high among these trees, especially during the first two months 

in the field trial. Open positions that resulted from hybrid mortality were filled in during the first 

summer with the remaining seedlings of the same seedlot, and after that, with seedlings from the 

clonal genotype used for the border rows. Only 281 (58%) of the original E. globulus BC 

seedlings and 284 (63%) of the original E. grandis BC seedlings produced trees of sufficient size 

to collect wood samples from breast height (1.30 – 1.35 m) after two years in the field trial.  

2

DNA extraction and AFLP genotyping of backcross progeny 

Plant material  

We used high-throughput DNA extraction and AFLP genotyping methods to obtain molecular 

marker genotypes for use in QTL analysis (Myburg et al. 2001b). Approximately 350 individuals 

of each backcross family were genotyped with 24 AFLP primer combinations previously used in 

E. globulus (Marques et al. 1998). Two 96-well plates of DNA samples (186 progeny plus 

Comparative QTL analysis of Wood Properties

 

120



 

parental genotypes) from each backcross family were used for AFLP analysis and linkage map 

construction (Chapter 3). The mapping population was later expanded by genotyping an 

additional 186 individuals from each family. This set included trees that were expected to 

produce wood samples for NIR analysis at the end of the second year. Surviving trees of the first 

186 individuals that had more than 10% missing genotype data were also included. The final 

number of trees with AFLP genotypes and wood property trait values was 265 for the E. globulus 

BC family and 277 for the E. grandis BC family.  

Fragment analysis was performed in 96-well format on automated DNA sequencers (LI-COR, 

Lincoln, NE, USA) and digital gel images were scored using semi-automated analysis software 

(AFLP-Quantar, version 1.05, KeyGene products B.V., Wageningen, The Netherlands). 

Comparative genetic maps for QTL analysis 

The AFLP marker data of each backcross family were analyzed using the “two-way pseudo-

testcross” approach (Grattapaglia and Sederoff 1994). Testcross (1:1) markers were used to 

construct four separate parental framework linkage maps. This resulted in paternal and maternal 

linkage maps for the F  hybrid, as well as a paternal linkage map for the E. globulus backcross 

parent and a maternal linkage map for the E. grandis backcross parent (Chapter 3). All four 

linkage maps were aligned using shared testcross and intercross markers (Myburg et al. 2001a). 

Each parental linkage map consisted of a set of framework markers selected from the testcross 

marker set of the parent.  

1

The framework marker set of each map included all markers that could be ordered with an 

interval support of LOD 3.0 (Keats et al. 1991). With final testcross data sets of n = 156 in the E. 

grandis BC family and n = 177 in the E. globulus BC family, adjacent markers as close as 1.1 cM 

apart could be ordered at this interval support threshold. However, for QTL analysis and 

particularly for composite interval mapping of QTLs (see below), it is desirable to have a uniform 

spacing of marker loci (Basten et. al. 2000) and there is not much to gain from having markers 

closer than 10 cM (Darvasi et al. 1993; Darvasi and Soller 1994; Darvasi and Soller 1997). We 

therefore selected a subset of framework markers with approximately 10 cM spacing between 

markers, where possible. The map distances in the QTL framework maps were recalculated in 

Map Manager QTX version 11 (Manly and Olson 1999) using a modified estimator of 

recombination (Bailey 1949) that is less sensitive to segregation distortion (Lorieux et al. 1995). 

Recombination fractions were converted to map distances using the Kosambi mapping function 

(Kosambi 1944). Map information and trait values were exported from Map Manager QTX as 
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map.inp and cross.inp files that could be opened directly by Windows QTL Cartographer version 

1.21 (Basten et. al. 2001). 

Near-infrared analysis and prediction of wood properties 

NIR assessment of wood properties has been shown to be relatively stable for wood core samples 

taken at breast height (Schimleck et al. 2000). We therefore attempted to obtain representative 

samples of the wood of each backcross progeny member by collecting   approximately 5-cm high 

wood discs at breast height from surviving backcross progeny after two years of growth in a field 

trial. A fixed electric drill with 10 mm drill tip was used to obtain drill cuttings from the outer 

periphery (second year growth) of each disc. The drill cuttings (10 – 20 g) were collected into 

small paper envelopes and incubated overnight in a drying oven at 50°C. The dried drill cuttings 

were ground in a coffee grinder for 5 s to a final particle size of approximately 1 mm. A small 

portion (3-5 g) of each sample was transferred to a glass vial and vacuum-dried overnight at 

50°C. After drying, the glass vials were sealed and cooled to a controlled room temperature of 

22°C.  

Collection and calibration of NIR spectra 

The dried wood meal was transferred to a small sample cup and a total of 64 (2 × 32) NIR spectra 

(1100 nm – 2500 nm) were collected for each wood sample using an NIR spectrophotometer 

(model 5000, FOSS NIRSystems). The sample cup was rotated 90° after the first 32 spectra were 

collected to sample all possible polarizing effects on the NIR spectra. The 64 NIR spectra were 

averaged and differentiated to remove possible effects of particle size. The spectral data (700 data 

points at 2 nm intervals for each sample, Figure 2A and B) were used as input for previously 

obtained NIR calibrations. These calibrations (provided by Shell Forestry Technical Services, 

East Malling, UK) were obtained through direct chemical and physical analysis of a set of 

approximately 100 wood samples from a variety of selected Eucalyptus species, followed by 

partial least square regression of the direct measurements on NIR spectral data of the same 

samples. NIR calibration and trait prediction were performed with the NSAS software package 

(FOSS NIRSystems). 

Preparation of wood samples 
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NIR predicted wood property traits  

Trait value predictions were obtained for pulp yield at Kappa 18 (PYK18), alkali consumption 

at Kappa 18 (ACK18), basic density (DENS), oven-dry lignin content (ODLIGNIN), extractives-

free lignin content (EFLIGNIN), extractives content (EXTRACTIVES), cellulose content 

(CELLULOSE), heat content (higher heat value, HHV), fiber length (FLENGTH) and fiber 

coarseness (FCOARSE). The Kappa number is a measure of the residual lignin in pulp. 

Bleaching-grade hardwood kraft pulps typically have Kappa numbers ranging from 15 to 20, 

which corresponds to residual lignin contents of 2 – 3% (Downes et. al. 1997). PYK18 is 

expressed as the percentage of original weight of wood left after pulping and ACK18 is the 

amount of alkali added to achieve a constant Kappa number of 18. ODLIGNIN is the weight of 

lignin as a percentage of the oven-dry weight of wood meal and EFLIGNIN is the weight of 

lignin as a percentage of the weight of wood meal after removal of extractives. EXTRACTIVES 

is the percentage weight of the extractives. CELLULOSE is the residual weight after lignin and 

extractives were removed, i.e. a measure of holo-cellulose (cellulose and hemi-cellulose). 

ODLIGNIN, EXTRACTIVES and CELLULOSE add up to 100%. HHV is a measure of the heat 

energy per mass unit of wood. FLENGTH and FCOARSE are measures of the average length and 

average weight per unit length of fibers.   

 Basic density was also obtained by direct measurement (DDENS) of the oven-dried weight 

and green (maximum water saturated) volume of the wood discs taken at breast height. 

NIR spectra typically exhibit a highly correlated data structure. Furthermore, information on 

individual chemical and physical properties of wood is dispersed over many spectral regions, 

which is why multivariate analysis is used to obtain trait calibrations (Michell and Schimleck 

1996). Principal component analysis (PCA) provides an approach to obtain independent 

components of variation in complex correlated data sets such as those produced by NIR analysis, 

and it has been shown that PCA of NIR spectral data can be used to discriminate between closely 

related wood samples (Schimleck et al. 1996). We used PCA to obtain the principal components 

of raw (uncalibrated) NIR spectral variation in the E. grandis and E. globulus backcross progeny. 

A total of 62 NIR wavelengths at the inflection points, i.e. the most informative positions of the 

average differentiated NIR spectrum of each backcross individual were used for PCA (Figure 2B 

and C). These wavelengths were 1134, 1146, 1166, 1182, 1198, 1208, 1220, 1252, 1276, 1312, 

1336, 1366, 1404, 1430, 1466, 1476, 1496, 1528, 1554, 1568, 1592, 1640, 1678, 1690, 1702, 

Principal component analysis of NIR spectra and growth data 
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1710, 1724, 1746, 1772, 1782, 1792, 1806, 1830, 1856, 1862, 1886, 1916, 1956, 1972, 2010, 

2048, 2062, 2080, 2098, 2108, 2122, 2136, 2158, 2182, 2194, 2228, 2270, 2298, 2336, 2358, 

2366, 2376, 2390, 2410, 2430, 2440, and 2490 nm.  Principal components were recorded that 

cumulatively accounted for approximately 90% of spectral variation. The correlations among 

principal components and individual NIR predicted wood properties were evaluated in each BC 

family.  

QTL analysis of wood properties using CIM  

QTL detection 

The NIR predicted trait values, principal components of NIR spectral variation and framework 

marker data of the four parental maps were used for separate, genome-wide QTL detection scans 

using the latest Windows version (Basten et al. 2001) of the QTL Cartographer software suite 

(Basten et al. 1994; Basten et al. 2000). We used composite interval mapping (CIM) (Zeng 1993; 

Zeng 1994), i.e. model 6 of the Zmapqtl module of QTL Cartographer, for QTL detection. The 

cross type was set to “B2”, i.e. a backcross of the configuration Q Q ×  Q Q . This is consistent 

with the use of the pseudo-testcross approach (Grattapaglia and Sederoff 1994) used to encode 

the dominantly scored AFLP marker data. The QTL testcross marker set of each parent map was 

recoded so that all the markers in each linkage group were in coupling phase. The marker data 

used for QTL mapping were therefore identical to that of an F  of inbred lines backcrossed to the 

recessive parent (Aa × aa). Individual QTL effects can be defined as the effect of the substitution 

of allele Q with allele Q  at the QTL. CIM combines maximum likelihood interval mapping with 

multiple regression and uses the following statistical model for backcrosses:  

A a a

1

a A

 

 

where Y is the vector of trait values, x is an indicator variable vector with the probabilities of 

different QTL genotypes at the test position based on the flanking markers, b  is the additive 

effect of the putative QTL being tested, B is a vector of effects of the background markers (see 

below) included in the model, X is the marker genotype matrix for the background markers and E 

is the error vector.  

* 

*

The hypotheses tested for each position in the genome are H : b = 0 vs. H : b ≠ 0 (Basten et 

al. 2000). We used the CIM module of Windows QTL Cartographer to obtain profiles of the 

* 
1 

* 
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likelihood ratio (LR) of these two hypotheses for each trait in all four parental maps. The LR 

profile obtained for each trait is the value at every 2 cM interval of the parental map of the test 

statistic –2 ln(L /L ), with L /L  the ratio of the likelihood of the null hypothesis (no QTL in the 

marker interval) to the alternative hypothesis (presence of a QTL in the marker interval).  
0 1 0 1

Under the CIM model, QTL effects elsewhere in the genome are included in the multiple 

regression model as cofactors to control for genetic background. These effects are represented by 

background markers that are selected by stepwise regression. We used forward-backward 

stepwise regression to select marker cofactors with the P value for adding and removing markers 

set at 0.1. The maximum number of background markers was set to 10.  Markers within a window 

of 10 cM on either side of the test position were blocked from entering the cofactor selection 

process. We also used the “other trait” option of QTL Cartographer to include a term in the linear 

regression model for a categorical trait scored as the presence or absence of any observable 

hybrid abnormality phenotype in surviving backcross individuals.  

The significance of LR peaks were determined by comparison to empirically determined LR 

thresholds that corresponded to experimentwise probabilities of false positives (Type I error rates) 

of 0.3 (marginal), 0.1 (suggestive), 0.05 (significant) and 0.01 (highly significant) (Lander and 

Kruglyak 1995). Empirical LR thresholds were determined for each trait/map combination by 

randomly permuting the trait values among marker genotypes 1000 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 (highly significant) was determined by 

recording the 50  ranked LR of 5000 random permutations for two of the traits (PYK18 and 

ODLIGNIN). The most conservative LR threshold found for α = 0.01 was used for all the traits. 

th

Multiple regression analysis of putative QTLs and evaluation of digenic epistatic interactions 

We used the “Fit model” function of JMP 4.0 (SAS Institute, Cary, NC) to search for pairwise 

epistatic interactions between putative QTLs detected by CIM. The AFLP markers closest to the 

LR peaks were used as QTL markers and fitted as main effects in a multiple regression model. 

QTL markers of both parents of each backcross family were included in a joint multiple 

regression model for the particular backcross family. For each pairwise marker combination, all 

main effects plus the marker × marker effect was tested. The significance of each putative 

Empirical thresholds for QTL detection 
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interaction was compared to a Bonferroni-corrected α (rate of false positives) based on the 

number of pairwise interactions tested. The epistatic effects of significant interactions were 

calculated by subtracting the sum of the least square means of heterotypic marker classes from 

the sum of least square means of the homotypic marker classes.  

 For each trait, only markers with significant main effects and interaction effects in the multiple 

regression analysis were retained in a final, reduced model. The least square means of alternative 

genotypic classes of each QTL marker and standard errors of these estimates were determined 

using the “Standard least squares’’ option of the “Fit model” function of JMP 4.0. The additive 

genotypic effect (a) was calculated as the difference between the least square means of the 

alternative genotypic classes, i.e. µ(Q Q ) - µ(Q Q ). The proportion of total phenotypic variance 

explained by each QTL marker was obtained by dividing the sums of squares associated with the 

marker by the total sums of squares from the multiple regression model. The total amount of 

phenotypic variance explained by the main and interaction effects of each model was obtained by 

recording the coefficient of determination (R ) of the final, reduced model. 

a   a a

2

Identification of QTLs for NIR predicted wood properties and NIR spectral variation 

Finally, we compared the LR profiles, putative QTL positions and multiple regression results for 

different traits to identify a set of non-overlapping genomic regions in each parental map with 

significant quantitative effects on NIR predicted wood properties. Each QTL region (±10cM) 

included at least one QTL that was significant (at an experimentwise level of 0.05) in CIM and in 

the final reduced multiple regression model for the trait. QTL intervals that were shared between 

different NIR predicted traits and principal components were hypothesized to contain the same 

QTL and were labeled with the same QTL name to allow comparison of the effects of QTLs on 

different correlated wood property traits. 

Comparative genetic maps for QTL mapping in the E. grandis × E. globulus F  hybrid and 

backcross parents 
1

For QTL analysis, we selected a subset of the testcross markers in previously constructed 

framework marker maps of the F  hybrid and the two backcross parents (Appendix A). Where 

possible, we attempted to obtain uniform marker spacing of approximately 10 cM for each map 

(Darvasi et al. 1993) by dropping markers that were closer than 5 cM from neighboring markers. 

1

A

RESULTS  
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However, smaller intervals were retained where neighboring intervals would increase to more 

than 20 cM if either marker were dropped. This resulted in an average marker spacing of 

approximately 10 cM  (Table 1). The average marker spacing was higher (13.7 cM) in the 

paternal map of the E. globulus backcross parent, due to the presence of a number of regions with 

low marker coverage in this map. The overall map coverage (proportion of genome within x cM 

of a marker) remained above 95% at 20 cM and above 80% at 10 cM for all the maps, which 

should provide good resolution for QTL mapping in a backcross design (Darvasi and Soller 

1997). The total lengths of the four parental QTL maps were on average 14.7% shorter than that 

observed for the full framework marker sets (Chapter 3). This is due to the cumulative effect of 

the small number of double crossover events associated with each additional marker in the full 

framework set (Lincoln and Lander 1992). The order of markers in the QTL maps was identical 

to that of the full framework maps and the average interval support should be substantially higher 

than that of the full framework maps. 

Direction of QTL effects 

Before QTL analysis, all the marker data in the paternal and maternal map of the F  hybrid were 

recoded so that the Aa genotype of each marker was associated with the presence of the E. 

globulus allele (A) and the aa genotype with that of the E. grandis allele (a). QTL effects reported 

here for the F  hybrid are therefore the effects associated with the presence of the E. globulus 

QTL allele (Q ) in backcross individuals. The (substitution) effect of the E. grandis QTL allele 

(Q ) is the same, but opposite in sign. QTL effects reported for the backcross parent maps are 

those associated with the band presence genotype of coupling phase markers, but unlike the maps 

of the F  hybrid, the linkage phase is arbitrary from linkage group to linkage group with respect to 

the respective grandparents. 

1

gl’

gr’

1

NIR prediction of wood property trait values 

Accuracy of NIR calibrations 

1

The NIR calibrations used to obtain trait predictions were based on “global” calibration sets of 

approximately 100 samples that included wood from different species of Eucalyptus and from 

trees of different ages. These calibrations have a wide linear range of prediction and can therefore 

be used for a wide variety of Eucalyptus wood samples (Griffin et al. unpublished results). Cross 

validation of the NIR calibrations (Table 2) indicated high correlation with direct measurements 

Comparative QTL analysis of Wood Properties

 

127



 

and relatively low standard errors of calibration, especially for chemical wood properties. 

Physical properties such as basic density, fiber length and fiber coarseness were predicted less 

accurately, presumably due to the fact that NIR analysis estimates physical wood properties in a 

more indirect fashion than chemical properties. 

Trait distributions in the E. grandis and E. globulus BC families 

The trait distributions produced for the two backcross families by NIR prediction are listed in 

Table 3 and the frequency distribution histograms for all the traits are provided in Appendix B. 

The means of the predicted wood properties were generally within the range expected for two-

year old E. grandis and E. globulus trees although the variation exceeded that of samples from 

open-pollinated half-sib families of the two pure species (results not shown). Most of the traits 

were normally distributed in the E. grandis BC family, but not in the E. globulus BC family 

(Table 3), where trait distributions were mostly skewed towards higher trait values. Various data 

transformations were applied to these traits to obtain values that more closely resembled a normal 

distribution, but this did not alter QTL detection substantially. Untransformed trait values were 

subsequently used for all QTL analyses. 

Very low NIR predictions of basic density were obtained for some E. grandis BC individuals  

(Appendix B). The distribution of NIR predicted basic density also did not agree well with that of 

the directly measured basic density values (Table 3). It is possible that the global NIR calibration 

for basic density did not extrapolate well for two-year-old E. grandis × E. globulus hybrid trees, 

or that the NIR spectra of these trees contained spectral variation that was weighted differently in 

the NIR calibration models.  

Negative trait values were produced for extractives content in the E. grandis BC family. This 

is possibly due to downward bias in the NIR calibration for extractives content, and the fact that 

the true mean is a small number. The variation in trait values was comparable to that of the E. 

globulus BC family and should still be useful for QTL mapping within the E. grandis BC family.  

 In most cases, the difference in family means were consistent with known species differences 

for the particular wood properties. For example, E. globulus genotypes are expected to have 

higher pulp yield, higher cellulose content, higher basic density and lower lignin content, which is 

what was observed in the E. grandis and E. globulus BC families. Fiber properties vary to a great 

extend within both species, and it was hard to predict the difference in family means of fiber 

properties in two-year old E. grandis × E. globulus BC individuals (John Purse, personal 

commun.).  
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Principal component analysis of NIR spectral variation 

The fist six principal components of NIR spectral variation in the E. grandis and E. globulus 

backcross families explained 92.4% and 89.4% of the variation in NIR spectra, respectively 

(Table 4).  NIR analysis is very sensitive to moisture content in wood samples and can be affected 

by temperature and particle size distribution (Tsuchikawa et al. 1992; Thygesen and Lundqvist 

2000). The first principal component (54-64% of spectral variation) may encompass most of these 

sources of variation.  

To investigate the possible biochemical or physical basis of individual components of NIR 

spectral variation, we evaluated the correlation among the principal components and NIR 

predicted wood properties (Table 5, Table 6 and Appendix C and D). Some of the principal 

components were strongly correlated with several NIR predicted wood properties. For example, 

in the E. globulus BC family, NIR-PC2 was positively correlated with OD lignin content, EF 

lignin content and heat content, and negatively correlated with fiber coarseness and cellulose 

content (Figure 3A) The same pattern was observed for NIR-PC3 in the E. grandis BC family 

(Figure 3B). These five traits as predicted by NIR analysis were also strongly (positively or 

negatively) correlated with each other. It is likely that NIR-PC2 in the E. globulus BC family has 

the same biochemical interpretation than NIR-PC3 in the E. globulus BC family and that this 

principal component encompasses most of the spectral information used to predict these five 

wood properties. 

NIR-PC1 was indeed correlated with predicted physical properties such as basic density, fiber 

length and fiber coarseness in both backcross families and these traits may be partially predicted 

through their effect on particle size distribution. Some traits such as pulp yield, alkaline 

consumption, fiber length and extractives content were partially correlated with several principal 

To circumvent the use of indirectly observed (predicted) trait values for QTL mapping and the 

potential loss of power to detect QTL effects, we investigated the use of uncalibrated NIR 

spectral data for QTL analysis of wood properties. The absorbance responses at adjacent NIR 

wavelengths are highly correlated, and a high degree intercorrelation has been shown for several 

distal bands in the NIR spectra of E. globulus wood samples (Michell and Schimleck 1996). 

Furthermore, the most informative NIR wavelengths may be those at the inflection points of the 

differentiated spectra, where the rate of change in the raw spectra is at a maximum. We therefore 

used the differentiated spectral data of 62 wavelengths selected at the minima and maxima of the  

to obtain the principal components of NIR spectral variation in each backcross family.  
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components, while traits such as lignin content showed strong correlation with a single principal 

component (Table 5 and Table 6).   

QTLs for NIR predicted wood properties and principal components of NIR spectral 

variation  

QTL detection  

The results of the genome-wide QTL detection scans using CIM in the parental maps of the E. 

globulus and E. grandis BC families are summarized in Table 7 and Table 8, respectively. 

Comparative plots of the LR profiles in the four parental maps are provided in Appendix E. The 

results listed in Table 7 and Table 8 were obtained by processing the CIM result files of Zmapqtl 

with the Eqtl function of QTL Cartographer. Eqtl was used to record the descriptive statistics of 

all putative QTL effects associated with LR peaks of higher than 8.8. This corresponded to a 

LOD score of 1.9, which is the threshold that has been proposed for suggestive QTLs in a 

backcross design (Table 1 in Lander and Kruglyak, 1995). The LR peaks recoded for each trait 

were compared to the empirical significance thresholds determined for the trait in the particular 

parental map (Table 9) and putative QTLs were classified as marginal, suggestive, significant or 

highly significant. Approximately 50% of LR peaks recorded were significant or highly 

significant. Likelihood ratios for putative QTLs ranged from 8.8 to 45.7 (LOD 1.9 to 9.9) and 

between 1 to 9 LR peaks exceeded the different LR thresholds for each trait. In most cases, LR 

peaks were very close to an AFLP marker locus or within 10 cM of a marker that could be used 

as a substitute for the putative QTL in a multiple regression analysis (see below). 

QTL identification 

Marginal and suggestive LR peaks were recorded during CIM with the purpose of evaluating the 

possible effect of QTLs on different NIR predicted wood property traits (see below). However, at 

least one trait in each paternal map was required to show a significant effect (in CIM and in a 

multiple regression model) in a genomic region before a QTL was declared in the region. A total 

 Estimates of the additive effects (a) of putative QTL at LR peaks reported by QTL 

Cartographer ranged from 0.3 to 0.8 phenotypic standard deviations in both families (results not 

shown). While these effects were conditioned on all background markers, and therefore likely to 

be somewhat overestimated, this provided an empirical estimate for the smallest QTL effects that 

could be detected with the sample sizes used in this experiment. 
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of 18 QTLs for NIR predicted wood properties and principal components  (NIR-A through NIR-R) 

were identified in the E. globulus BC family (Table 10). Thirteen QTLs (NIR-A through NIR-M) 

were identified in the E. grandis BC family (Table 11). In addition, three significant QTL effects 

were detected for the directly measured trait basic density. 

Additive effects of QTLs 

The least square means of the alternative QTL marker genotypes for each QTL may provide a 

more conservative measure of the additive effects of the QTLs than the QTL effects estimated at 

the LR peaks by QTL Cartographer. This is especially true in cases where the QTL marker is not 

exactly at the LR peak. Differences between the genotypic means of QTLs for NIR predicted 

wood properties ranged from 0.26 to 0.67 standard phenotypic deviations in the two backcross 

families (Table 10 and Table 11). Individual QTLs explained up to 9.4% of phenotypic variation 

in the predicted wood properties and up to 11.4% of variation in principal components.  

Epistatic interactions between QTL 

Only two traits (EFLIGNIN and EXTRACTIVES in the E. globulus BC family) contained QTL 

marker interactions that were significant at a threshold corrected for the number of epistatic 

models tested (Table 12). The same genomic regions were involved in the interaction in both 

traits. NIR-G and NIR-H are located approximately 8 cM apart on linkage group 3m and both 

showed significant interaction with NIR-L on linkage group 7m (maternal map of the F  hybrid). 

The two cases may therefore represent the same genetic interaction with epistatic effect on both 

NIR predicted traits. NIR-L was not significant for EXTRACTIVES in the E. globulus BC family 

and this interaction would not have been detected if marginal LR were not recorded. The epistatic 

effect was greater than one phenotypic standard deviation for both traits, which is higher than any 

additive effects observed in the two backcross families. 

Total proportion of phenotypic variation explained 

The total proportion of phenotypic variance in NIR predicted wood properties explained by the 

final reduced multiple linear regression models (model R ) for each backcross family ranged from 

3.7% to 24.3% (Table 13). Similar proportions of phenotypic variance were explained for the 

principal components of NIR spectral variation. Reliable estimates of the heritability of these 

wood properties in hybrids of Eucalyptus were not available, and it was therefore not possible to 

determine the proportion of genetic variance explained by each set of QTLs.  

2

1
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Intraspecific vs interspecific segregation of QTLs  

The majority of QTLs (81% avg.) were identified in the paternal and maternal maps of the F  

hybrid. However, only 9% of QTLs in the E. globulus BC family were identified in the pure 

species parent, while 28% of QTLs were identified detected in the pure species parent of the E. 

grandis BC family. These proportions may represent the overall contribution of interspecific and 

intraspecific genetic variation to trait variation in the backcross families. 

1

In many cases, QTLs had significant and suggestive effects on more than one NIR predicted trait. 

Shared QTLs with effects on principal components of NIR spectral variation were generally more 

significant for the principal components than for the NIR predicted wood properties. This may be 

due to the fact that the principal components were based on a direct measure of spectral variation, 

while the predicted traits were based on indirect measurements and were subject to the accuracy 

of the calibration models.  

Significant principal component QTLs were generally non-overlapping in the four parental 

maps (Figure 4 – 7), as would be expected for traits that by definition are completely independent 

(see Table 5 and Table 6). However two QTLs, NIR-F and NIR-K in the E. globulus BC family 

(Table 10), were significant for more than one principal component and it is possible that more 

than one tightly linked QTL is present in each of these regions. NIR-K was mapped to the start 

position (0 cM) of linkage group 6m and the actual QTL positions for the two principal 

components may be outside the first marker interval.   

It was not possible to directly distinguish between the pleiotropic effect of a single QTL and 

the possibility of linked QTLs with effects on different traits. The direction of effects of shared 

QTLs on different traits in the E. globulus BC family (Table 14) and the E. grandis BC family 

(Table 15) in most cases agreed very well with the phenotypic correlation between the traits. In 

particular, the five traits (FCOARSE, CELLULOSE, EFLIGNIN, ODLIGNIN and HHV) 

correlated with NIR PC2 in the E. globulus BC family and NIR PC3 in the E. grandis BC family 

(Figure 3), shared several QTLs with effects that were consistent with the correlation among the 

traits. NIR-B, NIR-C, NIR-L and NIR-P showed the expected direction of effects on the individual 

traits in the E. globulus BC family, although the LR peaks for these QTLs were not significant for 

all the traits (Table 14). The LR profiles of these traits were also very similar to that of NIR PC2 

(Figure 8).  

QTL effects on correlated traits 
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Homology of QTLs detected in different parental maps 

The four genetic maps were previously aligned using shared testcross and intercross markers 

(Chapter 3). Due to the pseudo-backcross approach used to develop the mapping populations, the 

hybrid parent inherited many markers from its E. grandis seed parent (G50) and (unknown) E. 

globulus pollen parent that were absent in both parents used for backcrossing (E. grandis 678.2.1 

and E. globulus 78, Figure 1). These AFLPs segregated as testcross markers in both backcross 

families and were used to align the paternal and maternal maps of the F  hybrid. The shared 

intercross fragments in each backcross family were used to align the maps of the E. grandis and 

E. globulus backcross parent with those of the F  hybrid. We were therefore able to report QTL 

locations in a general comparative mapping framework. However, due to heterogeneity of 

recombination in many regions of the parental maps, it was difficult to distinguish between 

homologous loci and tightly linked loci in these regions. Nevertheless, QTLs that mapped to 

similar positions in different parental maps and affected the same wood properties may represent 

homologous QTLs, or in the case of the paternal and maternal maps of the F  hybrid, the same 

QTL. 

1

1

Only two pairs of QTLs mapped to the same map regions in different parental maps and affected 

an overlapping set of traits. Both were QTLs that mapped to syntenic regions of the paternal and 

maternal maps of the F  hybrid (Table 16). NIR-H on linkage group 3 of the maternal map of the 

hybrid and NIR-B on the paternal linkage group both affected pulp yield and alkaline 

consumption in the two backcross families. The E. globulus allele of NIR-B was associated with 

an increase in pulp yield in the E. grandis BC family (Table 15). This was consistent with the 

difference in family means for pulp yield and the higher pulp yield expected for E. globulus 

genotypes. However, the E. globulus allele of NIR-H was associated with a decrease in pulp yield 

in the E. globulus BC family (Table 14). 

1

 The E. globulus alleles of NIR-I and NIR-C in the maternal and paternal maps of linkage group 

4 of the hybrid were associated with a decrease in cellulose content and an increase in heat 

content in both backcross families, which suggested that this was likely to be a single genetic 

factor that was heterozygous in the genome of the hybrid parent and segregated in both backcross 

families.    

1
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DISCUSSION 

QTL mapping in advanced generation hybrids of forest tree species 

Most interspecific QTL mapping experiments in Eucalyptus have focused on F  hybrids 

(Grattapaglia et al. 1995; Verhaegen et al. 1997; Marques et al. 1999) and were based on the 

segregation of QTLs that were heterozygous in the pure species parents. Here we report the 

results of a QTL mapping experiment in a second generation backcross pedigree. In this design 

(Figure 1), all fixed genetic differences between the two parental species were expected to be in 

heterozygous state in the F  hybrid (Q Q ) and were expected to segregate in one or both of the 

backcross families, depending on the dominance relationship between the QTL alleles. Genetic 

differences with large enough phenotypic effect may be detected as QTLs in the genetic maps of 

the F  hybrid. In addition, QTLs that are heterozygous (Q Q  or Q Q ) in the “recurrent” 

pure species parents will also segregate in the backcross families. The comparative genetic maps 

of the F  hybrid and the E. grandis and E. globulus backcross parents therefore provide an ideal 

framework for the assessment of inter- and intraspecific genetic variation in the reciprocal genetic 

backgrounds.  

1 gr’ gl’

1 gr1 gr2 gl1

1

gl2

1

 Our study benefited from previous work showing the utility of the pseudo-testcross approach 

to establish marker/trait associations in full-sib families generated from highly heterozygous 

organisms such as forest trees (Grattapaglia et al. 1995). The pseudo-backcross approach used in 

this study for population development is analogous to two pseudo-testcrosses with a shared 

parent. This approach allowed us to use dominantly scored molecular markers to analyze 

quantitative traits in very heterogeneous hybrid genetic backgrounds. 

NIR prediction of wood property traits for QTL analysis in Eucalyptus  

Near-infrared analysis is the only approach with sufficient throughput to allow the 

characterization of wood properties in large numbers of samples at modest cost for QTL analysis. 

Furthermore, with large enough calibration sets, standard errors of calibration can be as low as 

0.7% for traits such as pulp yield, and useful predictions of whole-tree properties can be obtained 

from NIR analysis of wood cores (Michell and Schimleck 1998).  

We were able to analyze up to 150 samples per day using the NIR analysis protocol 

described in this paper, and this throughput can certainly be increased through automation of key 

processing steps. Sample collection and preparation procedures were also relatively simple, 

compared to that required for conventional wood property assays. 
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Information on trait value may be differentially expressed in different regions of the NIR 

spectrum for samples from diverse genetic backgrounds, different ages, or for different sample 

preparation methods (Schimleck et al. 1996). Spectral variation that was present in the particular 

set of plant material used for this study, but not in the global calibration set, may therefore have 

reduced the accuracy of prediction. The ideal would have been to construct a dedicated 

calibration set for wood samples from two-year old E. grandis × E. globulus hybrids, but this was 

not feasible in the present study. Nevertheless, the global calibrations for Eucalyptus wood 

samples used in this study produced predicted trait values that were generally within the expected 

range for the age and genetic background of the trees tested. Even if bias existed in some of the 

predicted traits, the relative magnitude of trait values may have been well preserved and the 

predictions would therefore be useful for QTL detection within each backcross family. 

Ultimately, it would be desirable to validate the QTLs detected in this study by obtaining direct 

measurements for the predicted wood properties.  

QTL analysis of principal components of NIR spectral variation 

It is possible that uncalibrated NIR spectra contain more information on individual wood 

properties in two-year-old E. grandis × E. globulus BC progeny than the global NIR calibration 

models used in this study. Spectral variation that is specifically associated with individual wood 

properties in two-year-old wood may have not carried the same weight in the partial least square 

regression models based on the “global” calibration samples. This may have increased the 

standard error of prediction and may have biased the prediction for wood properties that relied on 

the same spectral features.  

We therefore investigated the possible use of principal components of spectral variation as a 

substitute for predicted wood properties for the purpose of QTL detection. Individual QTLs for 

principal components of NIR spectral variation may not have direct physiochemical 

interpretations, but indirect evidence for the biological basis of these QTLs can be obtained from 

the genetic correlation between the principal components and individual wood properties.  

Comparison of the location of QTLs for the principal components with those of the predicted 

wood properties indicated that several QTLs were shared in different combinations between 

principal components and individual wood property traits (see below). Furthermore, these traits 

were significantly correlated with each other and with the principal components, and the 

directions of putative pleiotropic effects of the QTLs were consistent with the phenotypic 

Comparative QTL analysis of Wood Properties

 

135



 

correlations among the traits. These observations suggest a strong genetic basis for some of the 

principal components of NIR spectral variation.  

Genetic architecture of interspecific differences in wood property traits in Eucalyptus  

Number of QTL detected 

In attempts to simplify quantitative genetic models, geneticists have long relied on assumptions of 

equality of gene effects and mostly additive action of large numbers of small-effect genes. 

However, early QTL mapping experiments indicated the existence of small numbers of major 

genes that control large proportions of phenotypic variation in crop plants (Paterson et al. 1991; 

Stuber et al. 1992) and forest trees (Groover et al. 1994; Grattapaglia et al. 1995; Bradshaw and 

Stettler 1995). This was reported as supporting evidence for the potential success of marker-

assisted selection for quantitative traits in these species. These findings remain controversial in 

the light of evidence from simulation studies that have showed that in small experiments with 

many segregating QTLs, only a subset of the QTLs are often detected, and those that are detected 

are typically overestimated (Beavis 1994). This prediction may certainly be valid for the detection 

of QTLs in genetically heterogeneous progeny sets of wide interspecific crosses of forest trees. 

The sample sizes used for QTL mapping in this experiment, i.e. the number of individuals with 

AFLP genotypes and NIR predicted trait values (265 for the E. globulus BC family and 277 for 

the E. grandis BC family), were almost certainly smaller than that required to detect all the QTLs 

segregating in this interspecific backcross pedigree. Caution should therefore be applied in the 

interpretation of the number of QTLs detected in this study. 

Nevertheless, we have identified a total of 18 genomic regions that contain molecular markers 

with significant effect on NIR predicted wood properties in the E. globulus hybrid genetic 

background and 13 with significant effect in the E. grandis hybrid genetic background. These 

may both be conservative estimates of the true number of QTLs segregating in the backcross 

families (Beavis 1994). 

Mode of action of QTLs in wide interspecific hybrids 

If fixed genetic differences between E. grandis and E. globulus have purely additive genetic 

effects, a substantial number of QTLs in the F  hybrid should segregate in both backcross families 

and the direction of allelic effects for each such QTL should be the same in the two backcross 

families. However, the results of this experiment did not support this expectation for the mode of 

1
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action of segregating QTL in the F  hybrid. Only one genomic region of the F  hybrid had a 

significant and similar effect on NIR predicted wood properties in both backcross families. The 

majority of QTLs in the F  hybrid were detected in only one of the two backcross families.  

1

1

Several explanations can be offered for this outcome. Firstly, we are using a line cross model 

to analyze the effect of QTLs in an outcrossed pedigree of highly heterozygous organisms. While 

this approach is appropriate for the estimation of allelic substitution effects in the context of 

testcross marker data, genotypic effects may be different from allelic effects in a full-sib family of 

outcrossed parental trees (Groover et al. 1994). The substitution effect is averaged over the 

effects of the two alleles contributed by each backcross parent (Grattapaglia et al. 1995; Plomion 

and Durel 1996) which may have made it more difficult to detect the QTL in one backcross 

family than the other.   

Secondly, it is possible that nonadditive gene effects play important roles in the expression of 

QTLs in interspecific hybrids (Devicente and Tanksley 1993; True et al. 1997; Zeng et al. 2000; 

Monforte et al. 2001). This may explain why the segregation of the same genetic factors had 

significant effects on trait value in one genetic background, but not the other. Only two 

significant epistatic interactions were observed, and the same QTLs may be involved in both 

cases. Failure of QTLs in the hybrid to be expressed in both backcross families may therefore be 

due in part to dominance of one or both of the alleles contributed by a backcross parent. 

Thirdly, it is possible that fixed genetic differences did not account for most of the segregating 

QTLs in the F  hybrid. Different rates of genetic differentiation can be expected for traits that 

affect the adaptability and fitness of individuals in diverged species to varying degree (Rieseberg 

et al. 1999). Substantial amounts of shared allelic diversity for wood property traits may remain 

in these two otherwise diverged species. Finally, it is possible that failure to detect segregating 

QTLs in both backcross families is simply due to the phenomenon described by Beavis (1994) 

affecting QTL detection in the presence of many segregating QTLs. 

1

 The direction of QTL effects in the F  hybrid was in several cases consistent with the observed 

difference in species means for the trait of interest, but for the majority of traits, both positive and 

negative QTL effects were associated with the E. grandis or E. globulus linkage phases of the 

hybrid.  For example, E. globulus alleles of QTLs for pulp yield and basic density were mostly 

associated with an expected increase in trait values in the E. grandis BC family, while 

approximately the same number of positive and negative effects were present for lignin and 

cellulose content. Inference about direction of QTL effects in the reciprocal genetic backgrounds 

1

1
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is limited by the fact that it is not possible to discern whether the substitution effect is due to a 

positive effect of one allele, or a negative effect of the other allele.  Nevertheless, the observation 

of positive and negative effect QTLs in parents with higher or lower expected trait values is 

consistent with the observation that trait-increasing QTLs can be found in wild, low-yielding 

relatives of domesticated species such as tomato (Xiao et al. 1998). The combination 

complementary gene effects of the parental species has been proposed as the primary cause of 

transgressive segregation in plant hybrids (Devicente and Tanksley 1993; Rieseberg et al. 1999). 

In this study, trait variation in the interspecific backcross families exceeded that of intraspecific 

half-sib families assayed for the same wood properties, which may be due to transgressive 

segregation in the backcross families.  

The magnitude of allelic substitution QTL effects observed in this study (0.26 to 0.67 × σ ) was 

similar to that previously observed in F  hybrid families of Eucalyptus for physical wood 

properties (0.19 to 0.51 × σ ) (Grattapaglia et al. 1996), stem growth and form (0.18 to 0.46 × σ ) 

(Verhaegen et al. 1997) and vegetative propagation traits (0.13 to 0.49 × σ ) (Marques et al. 

1999). However, clonal replication of mapping individuals in an F  family of E. grandis × E. 

urophylla resulted in allelic substitution effects of between 0.46 and 2.1 σ for vegetative 

propagation traits (Grattapaglia et al. 1995).  

p

1

p p

p

1

 The mean size of substitution effects did not differ significantly between the F  hybrid and the 

pure species parents (P = 0.685), although a much smaller proportion of QTLs were detected in 

the pure species parents. The small number of QTLs detected in the pure species parents may 

explain the failure to detect QTLs for pulp yield in earlier studies based on intraspecific variation 

in Eucalyptus (Grattapaglia et al. 1996).  

1

Correlated effects of QTLs for chemical and physical wood properties 

The observation of overlapping sets of QTLs is a common phenomenon in QTL mapping studies 

of multiple related traits (Bradshaw and Stettler 1995; Crouzillat et al. 1996; Juenger et al. 2000). 

In most cases, it has not been possible to distinguish between pleiotropic effects of single QTLs 

and close linkage of multiple QTLs. Methods for joint QTL analyses that take into account the 

correlated structure of multiple traits have been proposed and may improve the statistical power 

to detect QTLs (Jiang and Zeng 1995). These methods may also allow testing of alternative 

hypotheses for shared QTLs and may provide insight into the nature of genetic correlations 

Magnitude of QTL effects 

p 
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between different traits. However, multiple trait analysis would not be appropriate in this 

experiment, because all the trait predictions were based on the same NIR spectral data and trait 

correlations may be biased upwards as a result.   

 Our results suggest a common genetic basis for NIR predicted wood properties and principal 

components of uncalibrated NIR spectral variation. While some autocorrelation is expected due 

to the fact that both sets of data are derived from the same raw NIR spectra, it is very likely that 

many of the shared QTLs indeed provide the genetic basis for the pattern of trait correlations 

observed in this study. The directions of putative pleiotropic effects were in most cases consistent 

with the observed trait correlations.   

Implications for hybrid breeding programs 

Age-to-age correlation and QTL stability 

 The QTLs mapped in this study represent genetic determinants of wood properties at 

approximately ¼ of rotation age (24 months). These QTLs may therefore be valuable for breeding 

programs focused on short-rotation plantations of Eucalyptus (8 – 10 years), but longer rotation 

plantations will benefit from genetic studies of material closer to full rotation age.   

Utilization of NIR predicted QTLs 

Correlated wood properties may have common genetic components of variation, which in this 

study were expressed as shared QTLs for NIR spectral variation. These QTLs may represent key 

regulatory factors of biochemical pathways that affect sets of correlated wood property traits. It 

may therefore be productive, in the absence of a dedicated NIR calibration set, to focus on the 

The generation times of forest trees are practical barriers in forest tree improvement. Even early 

flowering genotypes do not circumvent the necessity to evaluate the most important production 

traits at rotation age. Early selection can be done at half-rotation age, which is 4-6 years in fast 

growing Eucalyptus plantations (Borralho et al. 1992; Marques et al. 1996), but age-to-age 

correlation has to be taken into account when selecting at an earlier stage (Greaves et al. 1997). 

Genetic markers for commercially important traits at rotation age could improve the accuracy of 

early selection at the individual level and lead to an increase in genetic gain per unit time 

(Grattapaglia et al. 1996). Preliminary analyses of QTL stability across different ages of E. 

urophylla × E. grandis interspecific hybrids revealed that more than half of QTL were stable 

across different years up to a selection age of 38 months (Verhaegen et al. 1997). 
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genetic components of raw NIR spectral variation that are shared with wood properties of 

interest. QTLs identified in this way may be utilized in marker-assisted breeding for desirable 

combinations of wood properties. The large amounts of linkage disequilibrium generated by 

interspecific hybridization will favor such an approach for several generations of hybrid breeding 

(Strauss et al. 1992; Grattapaglia et al. 1995). However, correlated wood properties that are based 

on pleiotropic gene effects may have important implications for breeding efforts aimed at 

breaking unfavorable linkages (Monforte and Tanksley 2000). 

Genotyping technology for marker-assisted breeding 

A genome-wide map of multi-allelic microsatellite markers will be available to the Eucalyptus 

community in the near future (Brondani et al. 1998). These markers will be useful for extending 

the detailed genomic information generated here to other related pedigrees. In particular, these 

markers will be useful for assessing allelic variation at key genetic loci across whole breeding 

populations. Finally, new marker technologies are now being developed to simultaneously screen 

for allelic variation in thousands of genes (Cho et al. 1999). This technology may be available 

within the next five years and will dramatically enhance the ability to manage allelic variation in 

breeding programs. 
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Table 1 

Summary statistics of the comparative framework AFLP maps used for QTL mapping  

Family E. grandis BC 

Map 

E.globulus 

paternal 

Hybrid 

maternal 

E. grandis 

maternal 

Number of framework markers in QTL 

map 97 114 96 

Average spacing ± SD (cM) 13.7 ± 9.6 9.9 ± 4.9 11.4 ± 6.0 

Total observed map length (cM) 1182.4 1021 1176 

Map coverage at 20 cM 96.2% 98.9% 98.4% 

Map coverage at 10 cM 80.6% 89.3% 87.4% 

The total observed map length is the sum of all framework intervals based on the Bailey estimate of recombination 
(Bailey 1949) and the Kosambi mapping function. Map coverage was calculated using c = 1- e , where c is the 
proportion of the genome within d cM of a framework marker, L is the estimated genome length and n is the number of 
framework markers in the map (Lange and Boehnke 1982). We used the map distances observed here as estimates of L. 

-2dn/L

 

 

 

 

 

 

 

E. globulus BC 

Hybrid 

paternal 

122 

10.6 ± 6.1 

970 

98.1% 

86.2% 
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Table 2 

Cross validation of NIR calibrations on direct measurements of chemical and physical wood 

properties 

NIR calibration Cross validation r Standard error 
of calibration 

PYK18 0.9417 1.0184 % dr. wt. 

ACK18 0.9133 0.9335 % dr. wt. 

0.8699 29.66 kg/m  3

0.8661 0.0578 mm 

FCOARSE 0.5325 g/100m 

ODLIGNIN 0.9145 % o.d. wt. 

EFLIGNIN 0.9418 1.377 

EXTRACTIVES 0.9166 1.2599 % o.d. wt. 

CELLULOSE 0.9531 1.55 % o.d. wt. 

0.9498 0.1853 MJ/kg 
Cross validation of the NIR calibrations were performed by randomly dividing each calibration set into 5 groups. Data 
on 4 groups were used to predict the wood properties of the 5  group. This process was repeated until NIR predictions 
were obtained for all the calibration samples. The cross validation correlation coefficients and standard errors of 
calibration were calculated by comparing the predicted wood property values with those predicted by the NIR 
calibration. 
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Table 3 

 Descriptive statistics of wood property traits predicted by NIR analysis 

  E.grandis BC family (n = 284) 

Trait Unit  Mean 

Standard 

Deviation Skewness 

Shapiro-Wilk W 

test    a b Kurtosis  c

            W Prob<W

NIR Pulp yield at Kappa 18 % dr. wt. 47.760 2.287 -0.007 

NIR Alkali consumption at Kappa 18 % dr. wt. 20.495 0.178 0.987 0.795 

NIR Basic density kg/m  3 60.135 0.260 0.367 0.977 0.085 

NIR Fiber length  0.871 0.091 -0.619 -0.220 0.969 0.002 

NIR Fiber coarseness 6.754 0.354 0.626 0.497 0.980 0.202 

% o.d. wt. 29.747 1.128 0.406 -0.434 0.975 0.043 

NIR EF lignin content % e.f. wt. 28.637 1.105 1.051 -0.738 0.962 <0.0001

NIR Extractives content % o.d. wt. -0.675 0.907 

0.032 0.984 0.564 

1.404 0.236 

249.717

mm 

g/100m 

NIR OD lignin content 

0.789 0.408 0.985 0.643 

NIR Cellulose content % o.d. wt. 69.383 1.306 1.631 0.953 <0.0001

NIR Higher heat value MJ/kg 0.180 0.586 -0.367 0.986 0.733 

Basic density (direct) kg/m  3 424.496 37.071 0.149 0.985 0.6191 

 E.globulus BC family (n = 281) 

NIR Pulp yield at Kappa 18 % wt. 49.832 2.253 3.016 -1.202 <0.0001

NIR Alkali consumption at Kappa 18 % wt. 19.596 1.979 

0.895 

21.088 

0.901 

0.936 

2.899 1.423 0.895 <0.0001

NIR Basic density kg/m  3 355.060 28.074 0.635 0.003 0.986 0.706 

NIR Fiber length  mm 0.711 0.051 3.933 -0.189 0.969 0.003 

NIR Fiber coarseness 6.547 0.427 2.068 0.923 <0.0001

% o.d. wt. 27.405 1.529 -1.079 0.918 <0.0001

NIR EF lignin content % e.f. wt. 26.341 1.433 -0.965 0.939 

g/100m 1.182 

NIR OD lignin content 1.259 

1.649 <0.0001

NIR Extractives content % o.d. wt. 2.593 1.518 3.798 1.776 0.840 <0.0001

NIR Cellulose content % o.d. wt. 71.713 1.620 1.928 0.851 0.953 <0.0001

NIR Higher heat value MJ/kg 20.124 0.195 2.012 -0.787 0.958 <0.0001

Basic density (direct) kg/m  3 450.798 37.519 8.530 -0.226 0.94788 <0.0001
a Units of calibration measurements % dr.wt. = % of dry weight, % o.d. wt. = % of oven-dry weight, % e.f. wt = % of 
extractives-free weight 
b Positive values indicate an asymmetric distribution towards higher trait values. Negative values indicate an 
asymmetric distribution towards lower trait values. 
c Positive values indicate a relatively leptokurtic distribution. Negative values indicate a relatively platykurtic 
distribution. 
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Table 4 

Results of principal component analysis on 62 selected wavelengths of  

the differentiated NIR spectra of each backcross family 

E.grandis BC E. globulus BC  

Percent variance 

explained PC no Cumulative % 

Percent variance 

explained Cumulative % 

1 61.24 61.24 54.62 54.62 

2 15.40 76.63 14.09 68.72 

3 6.73 83.36 9.45 78.16 

4 4.68 88.04 4.65 82.81 

5 2.46 90.50 3.89 86.70 

6 1.94 92.44 2.68 89.37 

Principal components were calculated on the basis of the correlation matrix using the Multivariate analysis function of 
JMP (SAS Institute, Cary, NC).  
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Table 5 

Phenotypic correlations among NIR predicted wood properties and principal components 

 in the E. globulus  BC family 
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PYK18 -                                 

ACK18 -0.92 -                

DENS 0.14 -0.16 -               

FLENGTH 0.80 -0.65 0.23 -              

FCOARSE -0.04 0.30 0.36 0.45 -             

ODLIGNIN 0.33 -0.59 -0.17 -0.10 -0.88 -            

EFLIGNIN 0.11 -0.40 -0.26 -0.28 -0.91 0.96 -           

EXTRACTIVES -0.74 0.83 0.04 -0.50 0.38 -0.65 -0.47 -          

CELLULOSE 0.30 -0.02 0.24 0.61 0.83 -0.74 -0.88 0.06 -         

HHV -0.23 -0.03 0.07 -0.55 -0.73 0.67 0.76 -0.09 -0.91 -        

DDENS 0.01 -0.01 0.22 0.08 0.15 -0.12 -0.13 0.09 0.11 -0.06 -       

NIR PCA1 -0.58 0.57 -0.56 -0.37 0.08 -0.32 -0.11 0.55 -0.12 -0.19 -0.05 -      

NIR PCA2 0.09 -0.37 -0.35 -0.26 -0.89 0.87 0.90 -0.50 -0.82 0.71 -0.19 0.00 -     

NIR PCA3 -0.29 0.26 -0.11 -0.57 -0.37 0.09 0.15 0.46 -0.31 0.30 0.01 -0.01 0.01 -    

NIR PCA4 -0.43 0.25 0.59 -0.31 0.04 -0.05 0.02 0.30 -0.24 0.39 0.09 -0.02 0.03 0.00 -   

NIR PCA5 -0.28 0.35 -0.09 -0.31 0.07 -0.19 -0.12 0.22 -0.16 0.32 0.05 0.02 -0.01 0.00 0.01 -  

NIR PCA6 0.37 -0.41 -0.05 0.25 0.00 0.09 0.03 -0.08 0.09 -0.13 0.06 -0.02 0.01 0.04 -0.01 0.02 - 

The correlation matrix was calculated using the “Multivariate analysis” function of JMP (SAS Institute, Cary, NC). The 
“pairwise correlation” option was used to obtain significance probabilities. Correlations that were significant at a 
Bonferroni-corrected α (3.68 × 10-4) are indicated in bold face. 
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Table 6 

Phenotypic correlations among NIR predicted wood properties and principal components 

 in the E. grandis BC family 
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PYK18 -                 

ACK18 -0.95 -                

DENS 0.51 -0.47 -               

FLENGTH 0.15 0.03 0.05 -              

FCOARSE 0.42 -0.18 0.49 0.61 -             

EFLIGNIN -0.17 -0.06 -0.16 -0.30 -0.76 -            

ODLIGNIN 0.04 -0.28 0.00 -0.33 -0.70 0.96 -           

EXTRACTIVES -0.52 0.48 -0.02 -0.14 -0.11 0.00 -0.19 -          

CELLULOSE 0.41 -0.20 0.17 0.30 0.76 -0.91 -0.81 -0.24 -         

HHV -0.29 0.19 0.24 -0.04 -0.40 0.67 0.61 0.22 -0.84 -        

DDENS 0.25 -0.16 0.42 0.26 0.45 -0.32 -0.28 0.10 0.32 -0.11 -       

NIR PCA1 -0.13 0.00 -0.57 -0.63 -0.47 0.11 0.05 0.12 -0.04 -0.45 -0.29 -      

NIR PCA2 -0.58 0.60 -0.75 0.49 -0.21 0.12 -0.07 0.13 -0.20 0.04 -0.20 0.01 -     

NIR PCA3 -0.16 -0.07 -0.04 -0.38 -0.77 0.89 0.88 0.07 -0.88 0.75 -0.31 0.01 -0.02 -    

NIR PCA4 0.33 -0.29 -0.04 0.20 0.16 0.14 0.20 -0.69 0.01 -0.06 -0.23 0.03 -0.01 -0.01 -   

NIR PCA5 0.09 0.01 -0.21 -0.05 -0.09 -0.20 -0.14 -0.37 0.15 -0.05 -0.03 -0.02 0.02 -0.01 0.03 -  

NIR PCA6 0.08 -0.06 -0.14 0.13 0.15 0.05 0.01 0.07 -0.02 -0.03 0.01 -0.01 0.03 0.02 0.04 -0.01 - 

The correlation matrix was calculated using the “Multivariate analysis” function of JMP (SAS Institute, Cary, NC). The 
“pairwise correlation” option was used to obtain significance probabilities. Correlations that were significant at a 
Bonferroni-corrected α (3.68 × 10-4) are indicated in bold face. 
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 2 C 1m 8 ATT/CCT-164a 99 99 12.3 * 
 3 E 2m 5 ACA/CAC-166f 30 28 14.3 ** 
 4 G 3m 11 ACG/CCA-389f 96 96 13.2 ** 
 5 L 7m 9 AAC/CCT-094f-s 74 73 21.2 *** 
 6 P 11m 6 ACT/CCA-110f 65 62 12.7 ** 
 7  7gl 1 ACA/CTC-050a 0 0 9.5 m.s. 

Table 7 

Summary of composite interval mapping results of NIR predicted wood properties and 

principal components of NIR spectral variation in the E. globulus BC family 

Trait  

LR  
peak  
no QTLa   LG b 

Closest 
marker no

Closest framework 
marker  

Marker 
position 

(cM) 

QTL 
position 

(cM) LR   Sign.c 
 
PYK18 1 D 2m 2 ACG/CCA-346f-s 8 8 12.6 * 
 2 G 3m 12 ACA/CTC-107a 112 108 10.3 m.s. 
 3 I 4m 5 ACA/CTC-264f 40 44 12.0 * 
 4 K 6m 1 ATG/CCA-304f-s 0 0 10.9 m.s. 
 5  2gl 10 ACA/CCA-314a 90 90 9.4 m.s. 
 
ACK18 1 H 3m 12 ACA/CTC-107a 112 104 15.1 ** 
 2  2gl 10 ACA/CCA-314a 90 90 10.5 m.s. 
 
DENS 1 B 1m 6 AAG/CCG-293f-s 82 82 9.6 m.s. 
 2 C 1m 7 ATC/CCA-239f-s 92 92 13.3 ** 
 3 F 2m 7 ACA/CTC-513f 54 54 16.5 ** 
 4  3m 1 ATC/CCA-360a-s 0 0 11.3 m.s. 
 5 O 11m 3 ATG/CCA-056f 35 29 15.5 ** 
 6 P 11m 5 ATC/CCA-186f-s 58 58 14.6 ** 
 7 Q 3gl 3 AAG/CCT-057a 56 56 18.5 ** 
 
FLENGTH 1 D 2m 4 AAC/CCC-048a 22 19 21.9 *** 
 2 I 4m 5 ACA/CTC-264f 40 44 12.9 ** 
 
FCOARSE  1 B 1m 5 AAG/CCT-280f 74 74 18.2 ** 
 2 C 1m 8 ATT/CCT-164a 99 101 18.2 ** 
 3 D 2m 2 ACG/CCA-346f-s 8 10 12.0 m.s. 
 4 L 7m 9 AAC/CCT-094f-s 74 73 13.8 * 
 5 O 11m 3 ATG/CCA-056f 35 35 10.6 m.s. 
 6 P 11m 6 ACT/CCA-110f 65 62 20.9 *** 
 7 Q 3gl 3 AAG/CCT-057a 56 56 14.8 ** 
 
CELLULOSE 1 B 1m 5 AAG/CCT-280f 74 76 12.2 * 
 2 D 2m 4 AAC/CCC-048a 22 21 12.4 * 
 3 E 2m 5 ACA/CAC-166f 30 34 9.5 m.s. 
 4 I 4m 6 ATT/CCA-558f 55 48 17.5 ** 
 5 L 7m 9 AAC/CCT-094f-s 74 74 17.1 ** 
 6  8m 1 ATG/CCA-477f 0 0 11.0 m.s. 
 7 P 11m 6 ACT/CCA-110f 65 62 14.4 ** 
 
ODLININ  1 B 1m 5 AAG/CCT-280f 74 74 9.7 m.s. 
 2 C 1m 8 ATT/CCT-164a 99 101 12.7 * 
 3 G 3m 11 ACG/CCA-389f 96 96 19.0 ** 
 4 L 7m 9 AAC/CCT-094f-s 74 71 20.0 *** 
 5 P 11m 6 ACT/CCA-110f 65 62 9.8 m.s. 
 
EFLIGNIN  1 B 1m 5 AAG/CCT-280f 74 74 11.5 m.s. 
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 2 F 2m 6 AAG/CTG-223f 44 44 15.0 ** 
 3 K 6m 1 ATG/CCA-304f-s 0 0 13.7 ** 
 4  10m 8 ACA/CCA-240f-s 62 62 10.5 m.s. 
 5  1gl 5 ATG/CCA-073a 72 74 10.2 m.s. 
  6   4gl 9 ACA/CCC-051a 75 72 9.7 m.s. 

Table 7  

(continued) 

Trait  

LR  
peak  
no QTLa   LG b 

Closest 
marker no

Closest framework 
marker  

Marker 
position 

(cM) 

QTL 
position 

(cM) LR   Sign.c 
EXTRACTIVES 1 H 3m 12 ACA/CTC-107a 112 104 16.9 ** 
 2 L 7m 9 AAC/CCT-094f-s 74 74 9.1 m.s. 
 3 N 9m 4 ACA/CCA-249f-s 24 22 11.3 ** 
 4  9m 5 ACG/CCA-174f-s 37 37 10.3 m.s. 
 
HHV 1 B 1m 5 AAG/CCT-280f 74 76 9.7 m.s. 
 2 E 2m 5 ACA/CAC-166f 30 30 16.2 ** 
 3  3m 6 AAG/CGG-254f-s 50 44 9.0 m.s. 
 4 I 4m 6 ATT/CCA-558f 55 48 13.3 ** 
 5 L 7m 9 AAC/CCT-094f-s 74 74 12.6 ** 
 6  8m 4 ACA/CAC-090f 37 39 8.9 m.s. 
 7 M 8m 9 AAG/CTG-157f-s 75 75 9.0 m.s. 
 
DDENS 1 C 1m 8 ATT/CCT-164a 99 98 9.6 m.s. 
 2 Dens1 5m 5 ACA/CTC-082a-s 20 20 17.0 ** 
 3  5m 9 ACG/CCA-466f-s 66 66 9.6 m.s. 
 4  9m 9 AAG/CCG-444f-s 81 81 12.0 * 
 
NIR PC1 1 D 2m 3 ATG/CCA-077f 13 15 16.5 ** 
 2  6m 6 ATT/CCA-171a 55 55 11.5 * 
 3 R 5gl 5 ACA/CCT-574a 56 52 13.6 ** 
 4  5gl 7 ACA/CTC-095f 72 72 10.4 m.s. 
 5  10gl 6 AAG/CCG-428a 80 78 11.2 * 
 
NIR PC2 1 B 1m 5 AAG/CCT-280f 74 76 17.2 ** 
 2 C 1m 8 ATT/CCT-164a 99 101 19.0 *** 
 3  3m 4 AAG/CTG-668f 29 29 9.1 m.s. 
 4 L 7m 9 AAC/CCT-094f-s 74 73 15.5 ** 
 5 P 11m 6 ACT/CCA-110f 65 62 16.6 ** 
 6 Q 3gl 3 AAG/CCT-057a 56 54 15.4 ** 
 7  4gl 8 ATT/CCA-205a 62 62 8.8 m.s. 
 
NIR PC4 1 F 2m 7 ACA/CTC-513f 54 50 24.7 *** 
 2 J 4m 6 ATT/CCA-558f 55 59 16.9 ** 
 3 K 6m 1 ATG/CCA-304f-s 0 0 13.0 ** 
 4  6m 7 AAG/CGG-122f-s 67 65 11.9 * 
 5 M 8m 8 AAG/CGG-128f 69 71 18.3 ** 
 6  10m 9 ACG/CCA-558f-s 74 74 11.3 * 
 7  1gl 5 ATG/CCA-073a 72 74 11.4 * 
 
NIR PC5 1 A 1m 4 ACC/CCA-355f-s 55 57 13.2 ** 
 2 F 2m 7 ACA/CTC-513f 54 56 23.5 *** 
 3  3m 7 AAA/CCG-190a-s 58 58 11.0 m.s. 
 4  10m 9 ACG/CCA-558f-s 74 74 11.4 * 
 
NIR PC6 1 E 2m 5 ACA/CAC-166f 30 30 21.0 *** 



 

a Symbol indicating the identity of a significant QTL effect for at least one trait. All LR peaks within 10 cM of the 
significant QTL were labeled with the same letter. The QTL labels refer to the QTL names listed in Table 10. 
b Linkage group number and indicators for the maternal map of the F1 hybrid (m) or the paternal map of the E. globulus 
backcross parent (gl). 
c Significance values are: m.s marginal (experimentwise α = 0.3), * suggestive (experimentwise α = 0.1), **  significant 
(genome-wide α = 0.05), and *** highly significant (genome-wide α = 0.01). LR thresholds that correspond to the 
experimentwise rates of false positives (α) were determined by permutation and are listed in Table 9 
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Table 8 

Summary of composite interval mapping results of NIR predicted wood properties 

 in the E. grandis BC family 

Trait  

LR  
peak  
no QTLa    LG b 

Closest 
marker no

Closest framework 
marker  

Marker 
position 

(cM) 

QTL 
position 

(cM) LR  Sign.c 
PYK18 1 B 3p 9 AAA/CGA-135a 94 ** 109 17.1 
 2  4p 9.1 
 3 

 
ACK18 

     
CELLULOSE AAA/CGA-135a 
 49 

3  41 
4  64 

 5  9p 6 ACA/CTC-150f-s 46 9.9 m.s. 
 6 6 

   
1  0 

8 
 80 

4 8 ACA/CTC-247a 83 82 14.5 
5 
  

9.2 
ACA/CCT-351f 

6p 
 

81 
10gr 

2 ACA/CCC-083f-s 9 11 
F 9p 10 AAG/CCG-444f-s 82 82 13.4 * 

 4  2gr 3 ATG/CCA-103f 41 30 10.7  
 5  3gr 1 AAC/CCT-304a 0 10 9.1 
 6  10gr 5 ACA/CGC-147a 36 35 13.2 * 
         

1 B 3p 9 AAA/CGA-135a 109 94 13.4 ** 
 2 F 9p 10 AAG/CCG-444f-s 82 82 9.8 m.s. 
 3  3gr 9 AGC/CCG-182a 89 89 11.7 * 
 4  4gr 2 ACA/CAG-074a 16 16 10.9 
          
DENS 1 G 9p 11 AAC/CCC-243f-s 93 90 22.5 *** 
 2         
FLENTGH 3  6p 3 ACA/CGG-089f 14 16 11.5 * 
 4 G 9p 11 AAC/CCC-243f-s 93 88 15.4 ** 
 5 K 5gr 2 AAG/CCG-198f 15 10 12.2 ** 
 6  7gr 1 AAC/CCC-197a 0 0 9.1 m.s. 
          
FCOARSE 1  1p 2 AAA/CCG-241a-s 12 20 11.7 * 
 2 C 4p 6 ACA/CCT-351f 49 46 12.9 ** 
 3  7p 3 AAA/CCG-111a-s 29 18 11.9 * 
 4 G 9p 12 ACT/CCA-750f 104 101 10.0 
 5  2gr 4 ACA/CTC-256f 63 65 9.7 
 6 M 10gr 2 ACA/CCT-255f 22 22 16.5 ** 
     

1 

9.0 m.s. 
41 

M 

L 6gr ** 

m.s. 

m.s.

m.s. 

m.s. 

m.s. 
m.s. 

B 3p 9 109 100 13.0 ** 
2 C 4p 6 ACA/CCT-351f 53 17.2 ** 

 6p 4 ATG/CCA-304a-s 21 9.0 m.s. 
 6p 6 AAG/CCG-244f-s 60 

10gr 2 AAC/CCC-203f 13 13.1 ** 
       
ODLIGNIN 1p 1 AAG/CCG-186f 4 10.2 m.s. 
 2  8p AAG/CCT-084f 59 59 10.4 m.s. 
 3 4gr 8 AAG/CCT-327f 80 18.9 ** 
 
 M 10gr 1 ATT/CCT-245a 0 6 14.5 ** 
        
EFLIGNIN 1  2p 6 AAG/CTG-155a 53 55 m.s. 
 2 C 4p 6 49 55 9.4 m.s. 
 3  4 ATG/CCA-304a-s 21 39 9.8 m.s. 

4  6p 6 AAG/CCG-244f-s 60 66 9.1 m.s. 
 5  3gr 8 AAA/CCG-255a 80 9.6 m.s. 
 6 M 1 ATT/CCT-245a 0 4 14.5 ** 
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Table 8  

(continued) 

marker  Trait  
Putative 

QTL 
PC 

QTL   a LG   b
Closest 

marker no
Closest framework 

Marker 
position 

(cM) 

QTL 
position 

(cM) LR  Sign.  c

EXTRACTIVES 1 C 3p 7 AAA/CCG-190a-s 63 65 24.7 *** 
 2 A 3p 

3 
 

102 
ACA/CCT-351f 

6p 
 ** 

29 
ATT/CCT-245a 

 
DDENS  2p 5 ACC/CCA-464f 43 47 10.0 m.s. 
 2 E 8p 4 ACA/CAG-744a-s 28 8.8 

ACA/CTC-626a-s 
AAG/CCG-444f-s 

 0 
6 99 * 

          
NIR PC1 1 G 9p 11 AAC/CCC-243f-s 93 88 28.1 *** 
 

m.s. 
          
NIR PC3 1  1p 1 AAG/CCG-186f 0 4 9.4 m.s. 
 2 C 4p 6 AAG/CGG-254a-s 52 48 22.3 *** 
 3  9p 6 ACA/CTC-150f-s 46 46 8.9 m.s. 
 4 I 11p 2 ACA/CTC-060f 12 6 10.2 m.s. 
 5 M 10gr 2 AAC/CCC-203f 13 8 14.2 ** 
          
NIR PC4 1  3p 6 AAG/CGG-254a-s 52 56 9.5 m.s. 
 2  8gr 2 ATC/CCA-417f 14 20 10.2 m.s. 
 3  11gr 1 ACC/CCA-500f 0 0 9.2 m.s. 
          
NIR PC5 1 A 3p 8 ACC/CCA-410f-s 70 70 9.4 m.s. 
 2 D 6p 5 AAG/CCT-680a-s 53 53 21.8 *** 
 3  7p 7 ACT/CCA-242f-s 68 70 10.3 m.s. 
 4  2gr 3 ATG/CCA-103f 41 36 11.1 m.s. 
 5  3gr 4 ACA/CGC-386a 39 39 10.2 m.s. 
          
NIR PC6 1  6p 4 ATG/CCA-304a-s 21 18 10.5 m.s. 
 2 E 8p 5 ACA/CAC-091f 38 34 45.7 *** 
 3  9p 9 AAG/CTG-103f 75 75 14.0 ** 
 4 H 10p 3 ACA/CCT-135f 27 41 41.0 *** 
 5 I 11p 2 ACA/CTC-060f 12 6 16.6 ** 
 6  2gr 3 ATG/CCA-103f 41 36 10.5 m.s. 
 7  6gr 3 AAA/CGA-496a 26 28 10.0 m.s. 
 8  9gr 6 ACA/CCA-100a 49 49 14.6 ** 
  9  9gr 9 ACA/CAC-078f 82 82 18.8 ** 

8 ACC/CCA-410f-s 70 82 23.0 *** 
 J 3gr 2 ACA/CCT-255f 22 26 16.8 ** 
         
HHV 1 B 3p 9 AAA/CGA-135a 109 16.3 ** 
 2 C 4p 6 49 55 21.4 *** 
 3  4 ATG/CCA-304a-s 21 33 10.1 m.s. 

4 K 5gr 1 ACT/CCA-237f 0 4 12.1 
 5  9gr 4 ACA/CCA-333f 30 10.8 * 
 6 M 10gr 1 0 6 14.9 ** 
         

1 
28 

12.9 

2 K 
9.6 

m.s. 
 3  9p 2 8 6 10.5 m.s. 
 4 F 9p 10 82 79 39.9 *** 

5  10p 1 AAG/CGG-092f 0 17.7 ** 
  10p 9 ACA/CCA-186a-s 100 

5gr 1 ACT/CCA-237f 0 6 20.6 *** 
 3  9gr 10 AAC/CCC-198a 99 98 

a Symbol indicating the identity of a significant QTL effect for at least one trait. All LR peaks within 10 cM of the 
significant QTL were labeled with the same letter. The QTL labels refer to the QTL names listed in Table 11 
b Linkage group number and indicators for the paternal map of the F1 hybrid (p) or the paternal map of the E. globulus 
backcross parent (gr). 
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c Significance values are: m.s marginal (experimentwise α = 0.3), * suggestive (experimentwise α = 0.1), **  significant 
(genome-wide α = 0.05), and *** highly significant (genome-wide α = 0.01). LR thresholds that correspond to the 
experimentwise rates of false positives (α) were determined by permutation and are listed in Table 9 
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DENS α = 0.3 8.43 8.13 8.89 7.56 
 α = 0.1 11.13 10.13 11.35 10.02 
 α = 0.05 13.53 12.05 12.91 11.32 

(continued) 

 
 

Table 9 

Empirical LR thresholds for CIM of QTLs for NIR predicted wood property traits 

Family   E. grandis BC  E. globulus BC  

Trait 
Experimentwise prob. 

of a false positive   
Hybrid paternal 

map 
E. grandis 

maternal map 
Hybrid maternal 

map 
E. globulus 

paternal map 
PYK18  α = 0.3 9.13 8.65 8.83 8.75 
 α = 0.1 11.94 11.39 11.12 11.24 
 α = 0.05 13.51 13.36 13.20 12.48 
 
ACK18  α = 0.3 8.57 8.60 8.89 8.40 
 α = 0.1 11.60 11.18 12.17 10.67 
 α = 0.05 12.79 12.85 13.54 12.06 
 
DENS α = 0.3 8.77 8.50 9.21 8.18 
 α = 0.1 11.26 11.30 11.97 10.33 
 α = 0.05 12.76 12.98 13.11 11.82 
 
FLENGTH  α = 0.3 8.91 8.36 8.94 8.13 
 α = 0.1 10.91 10.42 11.69 10.74 
 α = 0.05 12.33 11.44 12.83 13.32 
 
FCOARSE α = 0.3 8.79 8.85 8.94 8.57 
 α = 0.1 11.45 11.16 11.69 11.35 
 α = 0.05 12.91 12.34 12.83 12.39 
 
ODLIGNIN α = 0.3 8.86 8.6 9.14 8.12 
 α = 0.1 10.75 11.35 11.53 10.65 
 α = 0.05 12.65 12.98 13.91 11.88 
 
EFLIGNIN α = 0.3 8.69 7.86 8.91 7.99 
 α = 0.1 11.13 9.67 11.53 10.48 
 α = 0.05 13.11 11.51 12.55 11.36 
 
EXTRACTIVES α = 0.3 8.71 8.27 8.06 8.16 
 α = 0.1 11.02 10.42 10.42 10.86 
 α = 0.05 12.72 11.83 11.19 12.49 
 
CELLULOSE α = 0.3 8.83 8.45 8.82 8.08 
 α = 0.1 11.54 11.13 11.42 10.58 
 α = 0.05 12.7 12.37 13.01 12.32 
 
HHV α = 0.3 9.11 8.11 8.31 8.59 
 α = 0.1 11.39 10.47 10.77 10.79 
 α = 0.05 12.89 11.76 12.05 11.98 
 



 

 

 

 

 

 

Table 9 

 (continued) 

Family   E. grandis BC  E. globulus BC  

Map/Trait 
Experimentwise prob. 

of a false positive   
Hybrid paternal 

map 
E. grandis 

maternal map 
Hybrid maternal 

map 
E. globulus 

paternal map 

NIR-PC1 α = 0.3 8.65 8.12 8.54 8.25 

 α = 0.1 11.17 10.35 11.33 10.58 

 α = 0.05 13.94 12.32 13.82 11.73 
 
NIR-PC2 α = 0.3 8.54 8.37 8.75 8.37 

 α = 0.1 10.44 10.81 10.94 10.81 

 α = 0.05 12.65 12.47 13.08 12.47 
 
NIR-PC3 α = 0.3 8.51 8.07 8.34 8.46 

 α = 0.1 11.23 10.59 10.73 10.85 

 α = 0.05 12.34 12.13 12.20 12.34 
 
NIR-PC4 α = 0.3 8.61 8.46 8.24 8.46 

 α = 0.1 11.21 11.20 10.86 11.2 

 α = 0.05 12.49 12.96 12.48 12.96 
 
NIR-PC5 α = 0.3 8.7 8.51 8.76 7.99 

 α = 0.1 11.59 10.80 11.03 10.90 

 α = 0.05 12.69 12.51 11.82 12.24 
 
NIR-PC6 α = 0.3 8.9 8.88 8.42 8.42 

 α = 0.1 11.66 10.90 10.53 10.92 

  α = 0.05 12.85 12.80 12.39 11.71 
Each LR threshold is based on 1000 permutations of trait values among backcross individuals. The most significant LR 
peak detected by CIM in each random data set was recorded. The LR peaks of the 1000 permutations were ranked and 
the values of the 50th (α = 0.05), 100th (α = 0.1) and 300th (α = 0.3) highest LR were recorded to represent the appropriate 
thresholds. 
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Table 10 

Summary of QTLs for NIR predicted wood properties and principal components of NIR 

spectral variation in the E. globulus BC family 

        Composite IM
Multiple 

Regression 
 

Genotypic means ± SE     

QTLa Trait 
LG 

b 

 Marker 
no   

c 

QTL 
pos. 
(cM)

LR 

d 
Sign 

d 
Prob> F 

  e 

%  
Phen. 
var f _Qgr' _Qgl' 

Add.  
effect 
 (a) h 

Std.  
effect  

(a/σp) h 

NIR-A NIR PC5 1m 4 57 13.2 ** 0.0055 2.6%  n.a.   n.a.  n.a. n.a. 
 

NIR-B NIR PC2 1m 5 76 17.2 ** 0.0067 2.7%  n.a.   n.a.  n.a. n.a. 
 FCOARSE 1m 5 74 18.2 ** 0.0304 2.0% 6.50 ± 0.045 6.66 ± 0.046 0.160 0.37 

 CELLULOSE 1m 5 76 12.2 * 0.0135 2.1% 71.68 ± 0.137 72.17 ± 0.150 0.488 0.30 
 EFLIGNIN 1m 5 74 11.5 m.s. 0.0012 3.6% 26.73 ± 0.164 25.82 ± 0.174 -0.902 -0.55 
 ODLIGNIN 1m 5 74 9.7 m.s. 0.0047 2.8% 27.71 ± 0.155 26.97 ± 0.167 -0.740 -0.48 
 HHV 1m 5 76 9.7 m.s. 0.0132 2.0% 20.14 ± 0.015 20.08 ± 0.017 -0.056 -0.29 
 DENS 1m 6 82 9.6 m.s. 0.0318 1.7% 350.34 ± 3.069 361.37 ± 3.173 11.031 0.39 
 

NIR-C NIR PC2 1m 8 101 19.0 *** 0.0437 1.5%  n.a.   n.a.  n.a. n.a. 
 FCOARSE 1m 8 101 18.2 ** 0.0455 1.6% 6.65 ± 0.044 6.51 ± 0.045 -0.139 -0.33 

 DENS 1m 7 92 13.3 ** 0.0131 2.3% 362.22 ± 3.043 349.49 ± 3.184 -12.731 -0.45 
 ODLIGNIN 1m 8 101 12.7 * 0.0131 2.2% 27.02 ± 0.160 27.66 ± 0.160 0.643 0.42 
 EFLIGNIN 1m 8 99 12.3 * 0.0306 1.6% 25.98 ± 0.167 26.57 ± 0.168 0.590 0.36 
 DDENS 1m 8 98 9.6 m.s. 0.0246 1.9% 456.42 ± 3.112 445.81 ± 3.543 -10.611 -0.28 
 

NIR-D NIR PC1 2m 3 15 16.5 ** 0.0230 2.0%  n.a.   n.a.  n.a. n.a. 
 PYK18 2m 2 8 12.6 * 0.0002 4.8% 50.21 ± 0.216 49.17 ± 0.178 -1.034 -0.46 

 FCOARSE 2m 2 10 12.0 m.s. 0.0039 3.5% 6.66 ± 0.041 6.51 ± 0.033 -0.151 -0.35 
 FLENGTH 2m 4 19 21.9 *** <.0001 6.3% 0.73 ± 0.005 0.70 ± 0.004 -0.026 -0.52 
 

NIR-E NIR PC6 2m 5 30 21.0 *** <.0001 9.0%  n.a.   n.a.  n.a. n.a. 
 HHV 2m 5 30 16.2 ** <.0001 5.2% 20.07 ± 0.017 20.16 ± 0.015 0.091 0.47 
 EFLIGNIN 2m 5 28 14.3 ** 0.0005 4.2% 25.94 ± 0.147 26.61 ± 0.127 0.679 0.41 
 CELLULOSE 2m 5 34 9.5 m.s. <.0001 8.5% 72.42 ± 0.157 71.43 ± 0.131 -0.993 -0.61 
 

NIR-F NIR PC4 2m 7 50 24.7 *** <.0001 8.0%  n.a.   n.a.  n.a. n.a. 
 NIR PC6 2m 6 44 15.0 ** <.0001 5.3%  n.a.   n.a.  n.a. n.a. 

 NIR PC5 2m 7 56 23.5 *** <.0001 6.8%  n.a.   n.a.  n.a. n.a. 
 DENS 2m 7 54 16.5 ** 0.0050 2.9% 350.82 ± 2.645 360.90 ± 2.402 10.077 0.36 
 

NIR-G ODLIGNIN 3m 11 96 19.0 ** 0.0004 4.6% 27.68 ± 0.126 27.01 ± 0.139 -0.669 -0.44 
 EFLIGNIN 3m 11 96 13.2 ** 0.0090 2.3% 26.52 ± 0.130 26.03 ± 0.142 -0.500 -0.30 
 

NIR-H EXTRACTIVES 3m 12 104 16.9 ** 0.0006 3.9% 2.29 ± 0.118 2.91 ± 0.132 0.617 0.41 
 ACK18 3m 12 104 15.1 ** <.0001 5.9% 19.15 ± 0.162 20.13 ± 0.182 0.973 0.49 
 PYK18 3m 12 108 10.3 m.s. 0.0030 3.0% 50.09 ± 0.192 49.29 ± 0.202 -0.807 -0.36 
 

NIR-I CELLULOSE 4m 6 48 17.5 ** 0.0036 2.9% 72.21 ± 0.142 71.64 ± 0.145 -0.575 -0.35 
 HHV 4m 6 48 13.3 ** 0.0007 3.7% 20.07 ± 0.016 20.15 ± 0.017 0.077 0.39 

 FLENGTH 4m 5 44 12.9 ** 0.0024 3.3% 0.72 ± 0.004 0.70 ± 0.004 -0.019 -0.37 

Comparative QTL analysis of Wood Properties

 

160

 PYK18 4m 5 44 12.0 * 0.0011 3.6% 50.13 ± 0.187 49.25 ± 0.205 -0.880 -0.39 
(continued) 

 

 



 

Table 10 
 (continued) 

 

        Composite IM
Multiple 

Regression  
 

Genotypic means ± SE g     

QTLa Trait 
LG  

b 

Marker
no   

c 

QTL 
pos. 
(cM)

LR 

d  
Sign 

d 
Prob> F 

  e 

%  
Phen. 
var f _Qgr' _Qgl' 

Add.  
effect 
 (a) h 

Std.  
effect  

(a/σp) h 

 
NIR-J NIR PC4 4m 6 59 16.9 ** <.0001 5.3%  n.a.   n.a.  n.a. n.a. 

 
Dens-1 DDENS 5m 5 20 17.0 ** 0.0030 3.3% 443.97 ± 3.410 458.26 ± 3.314 14.291 0.38 

 
NIR-K NIR PC6 6m 1 0 13.7 ** 0.0009 3.8%  n.a.   n.a.  n.a. n.a. 

 NIR PC4 6m 1 0 13.0 ** 0.0008 3.9%  n.a.   n.a.  n.a. n.a. 
 PYK18 6m 1 0 10.9 m.s. <.0001 5.6% 49.10 ± 0.233 50.28 ± 0.168 1.173 0.52 
 

NIR-L NIR PC2 7m 9 73 15.5 ** 0.0007 4.2%  n.a.   n.a.  n.a. n.a. 
 EFLIGNIN 7m 9 73 21.2 *** 0.0002 5.0% 25.91 ± 0.129 26.64 ± 0.143 0.724 0.44 

 ODLIGNIN 7m 9 71 20.0 *** 0.0003 4.6% 27.01 ± 0.126 27.68 ± 0.138 0.671 0.44 
 CELLULOSE 7m 9 74 17.1 ** 0.0020 3.3% 72.23 ± 0.138 71.62 ± 0.149 -0.609 -0.38 
 FCOARSE 7m 9 73 13.8 * <.0001 6.9% 6.69 ± 0.035 6.48 ± 0.038 -0.203 -0.48 
 HHV 7m 9 74 12.6 ** 0.0007 3.7% 20.07 ± 0.015 20.15 ± 0.017 0.076 0.39 
 EXTRACTIVES 7m 9 74 9.1 m.s. 0.0001 4.9% 2.95 ± 0.118 2.25 ± 0.133 -0.695 -0.46 
 

NIR-M NIR PC4 8m 8 71 18.3 ** 0.0223 1.8%  n.a.   n.a.  n.a. n.a. 
 HHV 8m 9 75 9.0 m.s. 0.0013 3.3% 20.07 ± 0.017 20.15 ± 0.017 0.077 0.40 
 

NIR-N EXTRACTIVES 9m 4 22 11.3 ** 0.0021 3.1% 2.19 ± 0.155 3.01 ± 0.161 0.811 0.53 
 

NIR-O 11m 29 348.45 2.881 14.810 
 FCOARSE 

CELLULOSE 

DENS 3 15.5 ** 0.0005 4.5% ± 2.656 363.26 ± 
11m 3 35 10.6 0.0008 4.8% 6.49 ± 0.037 6.68 ± 0.041 0.192 0.45 

 
11m 6 62 20.9 *** 0.0001 6.4% 6.70 ± 0.044 0.034 -0.225 -0.53 

 DENS 11m 5 58 14.6 ** 0.0035 3.2% 362.17 ± 3.055 349.55 ± 2.496 -12.619 -0.45 
 11m 6 62 14.4 ** 0.0136 2.1% 72.17 ± 0.162 71.68 ± 0.126 -0.495 -0.31 
 EFLIGNIN 11m 12.7 ** 0.0068 2.5% 26.01 ± 0.152 26.54 ± 0.122 0.525 0.32 
 ODLIGNIN 11m 6 62 9.8 27.15 ± 0.149 27.54 ± 0.117 0.393 0.26 
 

NIR-Q NIR PC2 3gl 3 54 15.4 ** 0.0060 2.7%  n.a.   n.a.  n.a. n.a. 
 DENS 3gl 3 56 18.5 ** 0.0074 2.7% 360.65 ± 2.503 351.07 ± 2.540 -9.577 -0.34 

 FCOARSE 3gl 3 56 14.8 ** 0.0014 4.4% 6.67 ± 0.036 6.50 ± 0.037 -0.164 -0.39 
 

NIR-R NIR PC1 5gl 5 52 13.6 ** 0.0160 2.3%  n.a. n.a.  n.a. n.a. 

0.53 

NIR-P FCOARSE 6.47 ± 

6 62 
0.0378 1.5%

  

m.s. 

m.s. 

a Only QTL markers in genomic regions that were significant in CIM (at experimentwise α = 0.05) and in a multiple 
regression model were labeled as QTLs. Traits that showed significant or suggestive effects in the same genomic region 
are also listed for each QTL. 
b Linkage group number and indicator for the maternal map of the hybrid (m) and the paternal map of the E. globulus 
backcross parent (gl). 
c Closest marker to the QTL position. 
d Likelihood ratio statistic under CIM and significance based on the empirically determined LR threshold for each trait. 
e Significance of the QTL marker effect in the final multiple regression model based on an F ratio test.  
f Percent of phenotypic variance explained by the QTL marker. Obtained by dividing the sums of squares associated 
with the marker by the total sums of squares from the multiple regression model.  
g Least square estimates of the genotypic means for the alternative QTL  marker  genotypes; _Q and _Q are the 
genotypic classes with the E. grandis allele and the E. globulus allele of the F  hybrid, respectively. Principal 
components do not have defined measurement units and means and effects are not applicable (n.a.). 

gr'  gl' 

1

h Additive effect (a = difference between alternative QTL genotypes) and effect in phenotypic standard deviations.  
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Table 11 

Summary of QTLs for NIR predicted wood properties and principal components of NIR 

spectral variation in the E. grandis BC family 

    Composite IM 
Multiple  

Regression   

Trait 
LG 

Marker 
no   QTL pos. 

(cM) 

Add. 
effect

NIR-A EXTRACTIVES 3p 7 65 24.7*** <.0001 7.40% -0.48 ± 0.074 -0.98
3p 8 70 9.4 0.0029 2.78%  n.a.   n.a.  n.a. n.a. 

 
NIR-B PYK18 3p 9 17.1** 0.0038 6.04% 47.35 0.267 0.294 1.168
 HHV 3p 9 16.3 -0.64 

13.4** 0.0280 3.72% 20.71 0.170 20.15 ± 0.187 -0.40 
 CELLULOSE 3p 9 100 13.0** 0.0055 69.07 ± 0.163 69.74 0.173 0.672

NIR-C NIR PC3 4p 6 22.3*** <.0001 6.61%   n.a.  n.a. n.a. 
 6 55 21.4*** 0.0002 9.43% 0.022 0.121 0.67 
 CELLULOSE 4p 6 53 17.2** 0.0024 6.67% 69.77 0.165 69.04 ± 0.171 -0.732 -0.56 
 4p 6 46 12.9** 0.0011 3.33% 6.80 ± 0.028 -0.127 -0.36 
 4p 6 55 0.0075 2.47% 28.52 0.089 28.86 ± 0.095 0.345
 

NIR PC5 6p 5 53 21.8*** <.0001 7.60%   n.a.  n.a. n.a. 
EFLIGNIN 6p 9.1 0.0047 28.88 ± 0.106 28.50 ± 0.081 -0.380 -0.34 

 
NIR-E 45.7*** 11.36%  n.a. n.a.  n.a. 
 
NIR-F NIR PC6 9p 9 75 14.0** 3.22% n.a.   n.a.  n.a. n.a. 

DDENS 9p 10 79 39.9*** <.0001 10.87% ± 3.000 434.08 ± 2.838 24.732 0.67 
 

NIR PC1 9p 11 88 28.1*** <.0001 8.97% n.a.   n.a.  n.a. n.a. 
DENS 9p 11 90 22.5*** <.0001 7.20% ± 5.130 264.65 ± 4.754
FLENGTH 9p 11 88 15.4** 0.0463 2.74% ± 0.013 0.89 ± 0.010 0.032 0.35 
FCOARSE 9p 12 101 10.0 0.0004 6.67 ± 0.028 6.81 ± 0.027 0.138 0.39 

Dens-1 DDENS 10p 1 0 17.7* 0.0002

***   n.a.  n.a. 
 
Dens-2 99 12.9* 0.0004 3.91% ± 2.659 414.20 ± 3.196- -0.41 
 
NIR-I NIR PC6 2 6 16.6** <.0001  n.a.   n.a.  n.a. 

2 26 16.8** 0.0052 2.58% -0.88 ± 0.086 -0.58 ± 0.065 0.306 0.34 
 
NIR-K NIR PC1 5gr 

g Genotypic means ± SE 

QTLa b c 
LR

d 
Sign 

d 
Prob> F

  e 

%  Std. 
effect 

48.51 ± 
** 

0.51 

n.a.

0.026 6.68
9.4  0.31 

n.a.
6 66 

phen. 
var _Qgr' _Q  f  (a)  h h(a/σ ) gl' p

± 0.076 -0.498 -0.55 
 NIR PC5 

94 ± 0.51 
102 0.0004 8.38% 21.16 ± 0.021 21.05 ± 0.023 -0.114

 ACK18 3p 9 94 ± -0.562
5.56% ± 

 
48  

HHV 4p 21.05 ± 0.022 21.17 ± 
±

FCOARSE ±
EFLIGNIN ±

NIR-D  
 2.77% 

<.0001 n.a. 

0.0005  
 409.35

NIR-G 
 232.34
 0.85
 3.91% 
 

* 4.36% 429.49 ± 2.930 413.94 ± 2.889-15.549 -0.42 
 
NIR-H NIR PC6 10p 3 41 41.0 <.0001 n.a. n.a. 

9 429.23 15.033

11p 4.39% n.a. 
 NIR PC3 11p 2 6 10.2m.s. 0.0080 2.26%  n.a.   n.a.  n.a. n.a. 
 
NIR-J EXTRACTIVES 3gr 

1 6 20.6*** 0.0001 4.92% n.a.   n.a.  n.a. n.a. 
 HHV 5gr 1 4 12.1** 0.0094 4.43% 21.15 ± 0.021 21.07 ± 0.022 -0.082 -0.45 
 
NIR-L ODLIGNIN 6gr 8 82 14.5** 0.0195 1.98% 29.55 ± 0.095 29.87 ± 0.098 0.318 0.28 
 
NIR-M NIR PC3 10gr 2 8 14.2** 0.0010 3.52%  n.a.   n.a.  n.a. n.a. 
 ODLIGNIN 10gr 1 6 14.5** 0.0048 2.91% 29.91 ± 0.098 29.52 ± 0.094 -0.386 -0.34 
 EFLIGNIN 10gr 1 4 14.5** 0.0068 2.53% 28.86 ± 0.092 28.51 ± 0.093 -0.351 -0.32 
 CELLULOSE 10gr 2 6 13.1** 0.0543 2.63% 69.17 ± 0.152 69.64 ± 0.184 0.464 0.36 
 FCOARSE 10gr 2 22 16.5** 0.0006 3.73% 6.67 ± 0.026 6.81 ± 0.028 0.134 0.38 

m.s. 

m.s.

m.s. 

NIR PC6 8p 5 34   

32.309 0.54 

8.57%  

DDENS 10p 

m.s. 

a-h See footnotes for Table 10 
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Table 12 

Results of multiple regression analysis of putative pairwise epistatic interactions between 

QTL detected by CIM 

QTL Levels c 

Interaction/Effect Trait P value
Bonferroni-
adjusted α α

% Phen. 
Var b Marker 1 Marker 2 Mean± SEd 

NIR-G x NIR-L EFLIGNIN 0.0021 0.0024 3.27% _Qgr' _Qgr' 26.46± 0.177 

Effect d (4i)  = 1.19    _Qgr' _Qgl' 26.59± 0.189 

(4i/σp)  = 1.08    _Qgl' _Qgr' 25.37± 0.184 

     _Qgl' _Qgl' 26.68± 0.214 

          

NIR-H x NIR-L EXTRACTIVES <.0001 0.0083 7.91% _Qgr' Qgr' 2.20± 0.160 

Effect d (4i) = -1.76    _Qgr' _Qgl' 2.39± 0.175 

(4i/σp)  = -1.94    _Qgl' _Qgr' 3.70± 0.172 

          _Qgl' _Qgl' 2.12± 0.201 
a The experimentwise α = 0.05 divided by the number of pairwise interactions tested 
b Percent of total phenotypic variance explained by the interaction; obtained by dividing the sums of squares associated 
with the interaction effect by the total sums of squares in the multiple regression analysis 
c Genotypic combinations; _Qgr' represents genotypes with the E. grandis allele of the F1 hybrid and _Qgl' represents 
genotypes with the E. globulus allele of the F1 hybrid 
d Obtained by subtracting the means of the heterotypic classes from the sum of the homotypic classes 
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were significant in the multiple regression model were retained in a reduced model and are reported here. Each QTL 
effect was represented by the most tightly linked AFLP marker. 
c Total proportion of phenotypic variation explained by the QTL markers included in the reduced multiple linear 
regression model; obtained by dividing the sums of squares associated with the model by the total sums of squares.  
 

 

 

 

Table 13 

 Summary of multiple regression analysis of putative QTL effects detected by CIM for NIR 

predicted wood properties and principal components of NIR spectral variation 

Family E. globulus BC  E. grandis BC  

 Number of putative QTL b  Number of putative QTL b  

Trait a 

Hybrid 
maternal 

 map 

E. globulus 
paternal  

map 
Model R2 

 c 

Hybrid 
paternal  

map 

E. grandis 
maternal 

 map 
Model R2 

c 
NIR-PYK18 4 0 0.1844 1 1 0.1184 

NIR-ACK18 1 0 0.0552 1 0 0.0372 

NIR-DENS 6 1 0.1705 1 0 0.0720 

NIR-FLENGTH 2 0 0.1051 2 1 0.1680 

NIR-FCOARSE 6 1 0.2171 4 1 0.1791 

NIR-ODLIGNIN 5 0 0.1330 2 2 0.1119 

NIR-EFLIGNIN 6 1 0.2318 3 2 0.1418 

NIR-EXTRACTIVES 4 0 0.2096 1 1 0.1133 

NIR-CELLULOSE 6 0 0.1999 2 1 0.1434 

NIR-HHV 6 0 0.2429 2 1 0.1967 

DDENS 4 0 0.1018 5 0 0.2479 

NIR-PC1 1 2 0.0600 1 1 0.1428 

NIR-PC2 3 1 0.1176 - - - 

NIR-PC3 - - - 3 1 0.1658 

NIR-PC4 5 0 0.2126 1 0 0.0273 

NIR-PC5 4 0 0.1759 2 1 0.2106 

NIR-PC6 4 1 0.1837 5 1 0.3560 
a NIR predicted wood properties, OD = % of oven-dry weight, EF = % of extractives-free weight, NIR-PC# = principal 
components of NIR spectra. 
b Both significant (experimentwise α = 0.05) and suggestive (experimentwise α = 0.3) QTL effects detected by CIM 
were included in the multiple regression models for evaluation of digenic epsistasis, but only QTL marker effects that 
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1
Q and R, which are putative QTLs in the E. globulus backcross parent.  
 

 

 

 

 

 

 

Table 14 

Summary of direction of effects of QTL on NIR predicted wood properties and principal 

components in the E. globulus BC family 

Trait        NIR-QTL: A B C D E F G H I J K L M N O P Q R 

PYK18    (↓)    (↓) (↓)  (↑)        

ACK18        ↑           

DENS  (↑) ↓   ↑         ↑ ↓ ↑  

FLENTGH     ↓     ↓          

FCOARSE  ↑ ↓ (↓)        (↓)   (↑) ↓ ↑  

ODLIGNIN  (↓) (↑)    ↓     ↑    (↑)   

EFLIGNIN   (↓) (↑)  ↑  ↓     ↑    ↑   

EXTRACTIVES        ↑    (↓)  ↑     

CELLULOSE  (↑)  (↓) (↓)    ↓   ↓    ↓   

HHV  (↓)   ↑    ↑   ↑ (↑)      

DENS   (↓)                

NIR-PC1    ↑              ↓ 

NIR-PC2  ↑ ↑         ↑    (↑) ↓  

NIR-PC3                   

NIR-PC4      ↑   (↑) ↑ ↓  ↑      

NIR-PC5 ↓     ↓             

NIR-PC6     ↓ ↑     ↑        
All QTL groups are represented by at least one significant LR peak (α = 0.05 experimentwise). QTL group numbers 
correspond to numbers indicated in Table 10. Up arrows, ↑, indicate a positive effect of the putative QTL on trait value 
and down arrows, ↓ a negative effect. Arrows enclosed in brackets indicate QTL effects that were either not significant 
in LR profiles, or not significant as main effects in a multiple regression analysis. All effects are relative to the 
replacement of the E. grandis allele of the F  hybrid with the E. globulus allele at the putative QTL, except for groups 
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through M, which are putative QTLs in the E. grandis backcross parent. 
 

 

 

 

 

Table 15 

Summary of direction of effects of QTL on NIR predicted wood properties and principal 

components in the E. grandis BC family 

Trait                NIR-QTL: A B C D E F G H I J K L M 

PYK18  ↑    (↑)        

ACK18  ↓    (↓)        

DENS       ↑       

FLENGTH        ↑    (↓)   

FCOARSE   ↓    (↑)      ↑ 

ODLIGNIN            ↑ ↓ 

EFLIGNIN    (↑) (↓)         ↓ 

EXTRACTIVES ↓         ↑    

CELLULOSE  ↑ ↓          ↑ 

HHV  ↓ ↑        ↓  (↓) 

DDENS     (↓) ↑        

NIR-PC1       ↓    ↑   

NIR-PC2              

NIR-PC3   ↑      (↓)    ↓ 

NIR-PC4              

NIR-PC5 (↑)   ↑          

NIR-PC6         ↓ ↓   ↑ ↓        

All QTL groups are represented by at least one significant LR peak (α = 0.05 experimentwise). QTL group numbers 
correspond to numbers indicated in Table 11. Up arrows, ↑, indicate a positive effect of the putative QTL on trait value 
and down arrows, ↓ a negative effect. Arrows enclosed in brackets indicate QTL effects that were either not significant 
in LR profiles, or not significant as main effects in a multiple regression analysis. All effects are relative to the 
replacement of the E. grandis allele of the F1 hybrid with the E. globulus allele at the putative QTL, except for groups J 



 

 

 

 

 

 

 

 

 

 

Table 16 

Putative homology between QTLs in the paternal and maternal maps of the F1 hybrid of E. 

grandis and E. globulus  

Linkage Group Hybrid maternal map Hybrid paternal map 
3 NIR-H (104-108 cM) NIR-B (94-102 cM) 
 PYK18 PYK18 
 ACK18 ACK18 
 EXTRACT HHV 
  CELLULOSE 
 
4 NIR-I (44-48 cM) NIR-C (46-55 cM) 
 CELLULOSE CELLULOSE 

 HHV HHV 
 FLENGTH FCOARSE 
 PYK18 EFLIGNIN 
  NIR PC3 

The position of each QTL determined by CIM and the traits affected by the QTL are listed.
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FIGURES 

 

 

 

 

 

Figure 1 Pseudo-backcross approach used to develop the mapping populations. Note: Up to six 
different alleles are expected to be present at any particular locus Q. 
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Figure 2. NIR spectral variation observed in wood samples of the E. grandis BC family and data 
processing for principal component analysis. Absorbance is plotted on the x-axis and wavelength 
in nanometer on the y-axis. (A) Averaged NIR spectra (each line represents the average of 64 
NIR spectra collected for each sample). (B) Differentiated spectra (each line represents the rate of 
change of the rate of change in the corresponding line in A). (C) Plot through 62 wavelengths 
chosen at the inflection points of B. The 62 data points of each sample in plot C were used as 
input for principal component analysis.   
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ure 3. Scatter plots and pairwise phenotypic correlations among NIR predicted wood 
perties correlated with (A) principal component 2 in the E. globulus BC family and (B) 
ncipal component 3 in the E. grandis BC family. The density ellipse (red lines) shown for each 
t include 95% of data points.  
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Figure 4. LR profiles generated during composite interval mapping of QTLs for four principal 
components of NIR spectral variation in the maternal map of the F1 hybrid. The location of 
significant or suggestive LR peaks is indicated by blue arrows and the labels at the top correspond 
to the QTL names used in Table 7 and Table 10. Significant and suggestive LR thresholds 
corresponding to approximate experimentwise α = 0.05 and α = 0.3 are indicated by a solid and 
broken line, respectively. The additive effect of putative QTL at each 2 cM interval is indicated 
below each LR plot. The eleven linkage groups are shown end-tot-end and positions of 
framework markers are indicated by triangles (∆) along the X-axis. Distances are in cM Kosambi.    
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Figure 5. LR profiles generated during composite interval mapping of QTLs for four principal 
components of NIR spectral variation in the paternal map of the E. globulus backcross parent. 
The location of significant or suggestive LR peaks is indicated by blue arrows and the labels at 
the top correspond to the QTL names used in Table 7 and Table 10. Significant and suggestive 
LR thresholds corresponding to approximate experimentwise α = 0.05 and α = 0.3 are indicated 
by a solid and broken line, respectively. The additive effect of putative QTL at each 2 cM interval 
is indicated below each LR plot. The eleven linkage groups are shown end-tot-end and positions 
of framework markers are indicated by triangles (∆) along the X-axis. Distances are in cM 
Kosambi. 
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Figure 6. LR profiles generated during composite interval mapping of QTLs for four principal 
components of NIR spectral variation in the paternal map of the F1 hybrid. The location of 
significant or suggestive LR peaks is indicated by blue arrows and the labels at the top correspond 
to the QTL names used in Table 8 and Table 11. Significant and suggestive LR thresholds 
corresponding to approximate experimentwise α = 0.05 and α = 0.3 are indicated by a solid and 
broken line, respectively. The additive effect of putative QTL at each 2 cM interval is indicated 
below each LR plot. The eleven linkage groups are shown end-tot-end and positions of 
framework markers are indicated by triangles (∆) along the X-axis. Distances are in cM Kosambi. 
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Figure 7. LR profiles generated during composite interval mapping of QTLs for four principal 
components of NIR spectral variation in the maternal map of the E. grandis backcross parent. The 
location of significant or suggestive LR peaks is indicated by blue arrows and the labels at the top 
correspond to the QTL names used in Table 8 and Table 11. Significant and suggestive LR 
thresholds corresponding to approximate experimentwise α = 0.05 and α = 0.3 are indicated by a 
solid and broken line, respectively. The additive effect of putative QTL at each 2 cM interval is 
indicated below each LR plot. The eleven linkage groups are shown end-tot-end and positions of 
framework markers are indicated by triangles (∆) along the X-axis. Distances are in cM Kosambi. 
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Figure 8. Shared and unique peaks in LR profiles of four correlated NIR predicted wood 
properties and principal component 2 of NIR spectral variation. The LR profiles were generated 
during composite interval mapping in the maternal map of the F1 hybrid. The location of 
significant or suggestive LR peaks is indicated by blue arrows and the labels at the top correspond 
to the QTL names used in Table 7 and Table 10. Significant and suggestive LR thresholds 
corresponding to approximate experimentwise α = 0.05 and α = 0.3 are indicated by a solid and 
broken line, respectively. The additive effect of putative QTL at each 2 cM interval is indicated 
below each LR plot. The eleven linkage groups are shown end-tot-end and positions of 
framework markers are indicated by triangles (∆) along the X-axis. Distances are in cM Kosambi.    
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CHAPTER 5 

Summary and Conclusions: 

A Molecular Marker Study of the Genetic Architecture of Hybrid 

Fitness and Wood Quality Traits in a Cross between Eucalyptus grandis 

and E. globulus spp. globulus  

 

 

  



 

Introduction 

The genetic architecture of interspecific differences in wood, growth and fitness traits in 

Eucalyptus has important implications for hybrid breeding programs and the genetic 

improvement of eucalypt plantations. Knowledge of the location, effect and interaction of genetic 

factors that contribute to interspecific differentiation will facilitate a more directed approach 

toward hybrid breeding. It will also provide valuable insights into the structure and evolution of 

genomes in this important genus of hardwood tree species. Identification of the genetic factors 

that are involved in postzygotic barriers to introgression such as F1 hybrid sterility and F2 hybrid 

breakdown may allow breeders to select pure species parents with better combining ability in 

advanced generations of hybridization (Griffin, 2000).   

Interspecific hybridization has long held the promise of combining complementary 

characteristics of different Eucalyptus species, but this process has been very difficult to manage. 

Instead, hybrids have been captured after chance events such as spontaneous hybridizations or 

breeders have had to rely on the large number of combinations possible in open-pollinated or 

polymix crosses between different species (Brandao et al. 1984; Griffin et al. 2000). This 

observation illustrates an important aspect of the genetic nature of superiority in these hybrids. 

Rare combinatorial events probably play an important role in the overall success of interspecific 

hybrids, particularly in wide interspecific crosses of Eucalyptus. Only a small number of hybrids  

from open-pollinated crosses may have desirable alleles at hybrid incompatibility loci, and at 

normal production trait loci.   

Genetic differentiation in production traits (growth, form, wood quality etc.) and hybrid fitness 

traits may lead to unpredictable performance in hybrid generations. Dominance relationships and 

epistatic interactions that are only expressed in hybrids are difficult to manage due to the large 

number of combinations possible with only a small number of loci involved. Furthermore, 

genotype by environment interaction may play an important role in the success of interspecific 

hybrids of forest trees (Baril et al. 1997; Potts et al. 2000). 

To date, hybrid breeding programs in Eucalyptus have focused on the generation and clonal 

deployment of F1 hybrids. F2 and advanced generation hybrid breeding has been hampered by 

large amounts of hybrid breakdown (Griffin et al. 2000). In addition, severe inbreeding 
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depression observed in Eucalyptus (Hardner and Potts 1995) has prevented the potential use of 

conventional backcross introgression approaches that are applied in many crop plants. This has 



 

limited the possibility to introgress genetic material from related eucalypt species through 

advanced generation backcrossing of hybrids.  

 In this study, we focused on the genetics of a wide interspecific hybrid of two commercially 

important species of Eucalyptus, E. grandis and E. globulus spp. globulus. E. grandis has very 

favorable growth, adaptability and rooting characteristics and it is the most widely planted species 

of Eucalyptus. E. globulus has very favorable wood properties such as high wood density, high 

cellulose pulp yield and low lignin content (Eldridge et. al. 1993). The combination of these two 

species is arguably one of the best candidates for combining complementary characteristics of 

different species through hybrid breeding in Eucalyptus (Griffin et al. 2000). However, as with 

most other wide hybrids, genetic incompatibilities give rise to strong postmating barriers to 

introgression in this interspecific cross. This has serious implications for prospects of advanced 

generation introgression of favorable parental traits into a hybrid genetic background and there is 

a need for the development of new breeding tools to better manage hybrid breeding programs in 

Eucalyptus. Very little is known in general about the genetics of wide interspecific hybrids in 

Eucalyptus.  

To address these questions, we have performed a detailed genetic analysis of a superior F1 

hybrid individual from a large polymix cross of E. grandis × E. globulus using molecular 

markers. Here we summarize the results of our analysis and discuss their implications for the E. 

grandis × E. globulus breeding program. We first focus on the development of a high-throughput, 

semi-automated marker genotyping method for Eucalyptus. Secondly, we discuss the application 

of this genotyping technique in the construction of comparative genetic linkage maps of the F1 

hybrid and two individuals from the parental species. Thirdly, we summarize the evidence for 

discrete genetic factors that cause F1 hybrid sterility and F2 hybrid inviability in an interspecific 

backcross pedigree of E. grandis × E. globulus. Finally, we present conclusions from a detailed 

quantitative trait locus (QTL) analysis of chemical and physical wood properties in the two 

backcross families. 

High-throughput marker genotyping of outbred forest trees 

Eucalyptus trees are highly outbred with outcrossing rates of approximately 90% (Gaiotto et al. 

1997). The linkage equilibrium that is expected to exist between marker loci and quantitative trait 
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loci would necessitate the construction of single-tree genetic maps for many elite parents in 

breeding populations of Eucalyptus in order to efficiently manage allelic variation. Until recently, 

genotyping technology has been too expensive and throughput too low to make this a feasible 



 

objective for practical tree breeding. Linkage equilibrium and the cost of marker genotyping were 

cited as major limitations to the use of marker-aided selection in forest tree breeding (Strauss et 

al. 1992).  

The amplified fragment length polymorphism (AFLP) marker system (Zabeau and Vos 1993; 

Vos et al. 1995) was introduced in 1995 and it had the highest multiplex ratio of any marker 

system to date. More than 100 restriction fragments can be simultaneously amplified during 

AFLP analysis and resolved on a single denaturing polyacrylamide gel. Further improvement was 

made to the throughput of the technology when it was modified to allow separation of dye-

labeled AFLP fragments on automated DNA sequencers (Remington et al. 1999), which allowed 

instant capture of digital gel images and negated the use of radioactively labeled primers and 

autoradiography. However, throughput was still limited by the number of samples that could be 

resolved per gel and the inadequate gel image analysis software.  

 At the outset of this research project, we realized that in order to genotype more than 600 F2 

backcross progeny of E. grandis × E. globulus, further throughput and quality improvements 

needed to be made to the AFLP technique, and to template preparation procedures. Eucalyptus 

leaf samples contain high amounts of phenolic compounds, and a high rate of restriction/ligation 

failure was initially experienced for DNA samples obtained from leaf samples that were shipped 

at ambient temperature from Uruguay to North Carolina. A 96-well membrane-based DNA 

isolation protocol was adapted for use in plants and is now available commercially (DNeasy 96 

Plant Kit, Qiagen, Valencia, CA, USA). This reduced failure rates of restriction/ligation to below 

2% and allowed handling of DNA samples in the same 96-well format throughout the whole 

genotyping procedure (Myburg et al. 2001). 

 Throughput was further improved by developing a duplex AFLP protocol that is based on the 

use of two different infrared-dye labeled AFLP primers in the same final selective amplification 

reaction. This allowed the use of two-dye automated DNA sequencers (LI-COR, Lincoln, NE, 

USA) to simultaneously collect AFLP banding profiles for the equivalent of 192 genotyping 

reactions (using a 96-well gel protocol). Furthermore, it was possible to adjust gel electrophoresis 

conditions so that gels could be loaded twice, which increased throughput to 384 lanes of AFLP 

reactions per gel. With this throughput (and 35 polymorphic fragments per lane) it was possible 
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for one person to perform 70,000 polymorphic genotype determinations per week on a single 

automated DNA sequencer (Myburg et al. 2001).  



 

 This throughput now makes it feasible to genotype approximately 800 AFLP markers in 200 

progeny of a full-sib family of Eucalyptus in approximately three weeks. Semi-automated scoring 

of AFLP gel images with dedicated software such as AFLP-Quantar (KeyGene products B.V., 

Wageningen, The Netherlands) allows accurate conversion of this number of AFLP banding 

patterns (160 000 genotype determinations) to binary presence/absence data within one week. 

AFLP genetic maps of the two parents can therefore be constructed after approximately one 

month to six weeks after leaf samples are obtained for DNA isolation.  

Even with this throughput, it may only be feasible to fully genotype 5-10 families of elite 

parents per year in a breeding program as part of an academic research program. Nevertheless, 

this scale of genotyping will have considerable value for the genetic dissection and manipulation 

of high-value traits such as wood quality properties for which phenotypic assay is difficult. 

The most efficient application of this technology may be in interspecific hybrids due to 

the large amounts of disequilibrium generated during hybridization and greater 

phenotypic variance observed in F2 generations of hybrids (Strauss et al. 1992).  

The AFLP® technique is covered by patents owned by Keygene N.V. (Wageningen, The 

Netherlands) and all commercial applications of AFLP are performed in-house by Keygene. An 

AFLP kit that include a license for academic use of the technology described above is now 

available from LI-COR.  

Colinearity of the genetic maps of a wide hybrid of Eucalyptus   

The genomes of Eucalyptus species (all n = 11) have long been considered to be reasonably 

compatible. Hybrids can be made between many different species of the subgenus 

Symphyomyrtus that contain most of the commercially planted species of Eucalyptus (Griffin et 

al. 1988). However, differences have been reported for the physical genome sizes of species in 

different sections of Symphyomyrtus (Grattapaglia and Bradshaw 1994). The two species that 

formed the focus of this study differed in physical genome size by approximately 20%. E. 

grandis, a member of the section Transversaria was estimated to have a genome size of 640 

Mbp/C and E. globulus, a member of the section Maidenaria, a genome size of 530 Mbp. Other 

species in each of the two sections had very similar genome sizes, which confirmed the 
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differentiation of genome size between the tropical section Transversaria and the temperate 

section Maidenaria. Although no hybrids of E. grandis and E. globulus were included in this 



 

study, other F1 hybrids were found to have intermediate genome sizes, and no evidence of 

polyploidy was observed in any of the hybrids. 

 The F1 hybrid of E. grandis and E. globulus is therefore expected to have a physical genome 

size of approximately 585 Mbp/C. However, approximately 110 Mbp (18.8%) more E. grandis 

DNA should be present in the hybrid than E. globulus DNA, and the genetic loci included in this 

DNA should be in hemizygous state in the hybrid. The distribution of this “extra” DNA in the E. 

grandis genome vs. the E. globulus genome (i.e. the distribution of hemizygous marker loci), has 

provided insight into the evolution of genome size in Eucalyptus. 

  We used the high-throughput AFLP method described above to genotype approximately 800 

AFLP markers in each of two F2 interspecific backcross families of E. grandis and E. globulus 

and to construct genetic maps of the parents of the backcross families. These two families shared 

a superior F1 hybrid of E. grandis × E. globulus, which was used as a male (pollen) parent in the 

backcross to E. grandis and a female (seed) parent in the backcross to E. globulus. The two 

backcross parents were chosen to be unrelated from the original parents of the F1 hybrid, to avoid 

inbreeding depression in the mapping progeny (Griffin et al. 2000). This “pseudo-backcross” 

approach to genetic mapping is related to the “pseudo-testcross” approach proposed for mapping 

dominant markers in the parents of a full-sib cross of heterozygous parents (Grattapaglia and 

Sederoff 1994). The pseudo-backcross mapping approach allowed us to construct comparative 

genetic maps of the F1 hybrid of E. grandis and E. globulus and of the two pure species parents. 

In particular, we were able to construct well-aligned, paternal and maternal maps of the F1 hybrid. 

These maps represented the male and female gametes produced by the F1 hybrid and can be used 

to determine the ratio of E. globulus DNA to E. grandis DNA in each of the genotyped backcross 

progeny.  

 Suppressed recombination in maps of interspecific hybrids relative to that of pure species 

maps is an indication of differentiation in sequence or structure between chromosomes of the 

parental species (Moreau et al. 1998; Chetelat et al. 2000). In this study, no overall suppression of 

recombination was observed between the maps of the pure-species parents and the maps of the F1 

hybrid, and map distances were very similar for the three parents (1235 – 1369 cM). Differences 

in recombination rate were observed in specific regions of the parental maps, especially between 
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the paternal and maternal maps of the F1 hybrid, suggesting local differences in recombination 

between male and female meiosis in the F1 hybrid. However, no gross chromosomal 

rearrangements were detected between the genomes of E. grandis and E. globulus based on the 



 

placement of shared markers in the parental maps. We therefore conclude that the genetic maps of 

E. grandis and E. globulus are largely collinear, at least at the resolution of our framework maps. 

The physical size difference between the two species is was not reflected in the size of the genetic 

map, and the two genomes may have very similar rates of recombination.  

 Evaluation of the number of polymorphic markers in the E. grandis and E. globulus linkage 

phases of the F1 hybrid revealed that an excess of approximately 25% AFLP markers mapped to 

the E. grandis linkage phase of the maternal map of the hybrid parent (i.e. the map of female 

gametes contributed by the hybrid to the E. globulus BC family).  This observation is consistent 

with the presence of 18.8% hemizygous E. grandis DNA in the F1 hybrid. Furthermore, we found 

that these markers were present in many small clusters (< 5 cM) throughout the genome of the F1 

hybrid. We therefore conclude that the genome size difference between E. grandis and E. 

globulus is mostly due to small dispersed changes in genome size, rather than large chromosomal 

evolution events. 

 The comparative framework maps of the E. grandis, E. globulus and F1 hybrid tree are useful 

for the genetic dissection of hybrid fitness and wood quality traits in the interspecific backcross 

families (see below). They also contribute towards the objective of a subgenus-wide consensus 

linkage map by aligning genetic maps from the sections Transversaria and Maidenaria. Multi-

allelic markers for Eucalyptus such as microsatellites (Brondani et al. 1998) and gene-based 

markers (Gion et al. 2000) can be located in all the parental maps using a selective mapping set of 

96 individuals with non-redundant recombination breakpoints and map resolution of < 5 cM. 

Genetic architecture of postmating barriers to introgression in a hybrid of E. grandis and E. 

globulus  

Genetic differences that accumulate over time in diverged genomes may give rise to genetic 

incompatibilities that are only expressed in the hybrids themselves (as hybrid inviability and 

hybrid breakdown) and reduce the general fitness of hybrids (Griffin et al. 1988; Potts et al. 1992; 

Lopez et al. 2000; Potts et al. 2000). Even relatively weak negative interactions can mask 

otherwise superior hybrid genotypes. This component of hybrid performance may explain the 

general inefficiency of conventional breeding methods to produce pure-species parents with good 

hybrid combining ability. Incompatible gene interactions are hard to predict, and may not be 
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correlated with intraspecific performance. The best intraspecific genotypes may carry substantial 

genetic potential for deleterious interaction in interspecific hybrids and advanced hybrid 

generations. Our research on a rare superior F1 hybrid of the wide cross between E. grandis and 



 

E. globulus spp. globulus suggests that new incompatible gene interactions may be generated in 

the progeny of otherwise very successful F1 hybrids (Griffin et al. 2000). 

 The genetic markers that we mapped in the genome of the F1 hybrid of E. grandis and E. 

globulus were sensitive indicators of selection for or against donor genetic material in backcross 

progeny. Each marker assayed the relative viability of the E. grandis and E. globulus marker 

allele in the two backcross families. Approximately 30% of AFLP fragments that segregated in 

the two backcross families showed non-Mendelian ratios of segregation (at 0.05 level of 

significance), presumably due to linkage to a genetic factor that caused segregation distortion. 

Analysis of segregation distortion in the comparative genetic maps revealed that distorted 

markers were clustered in at least seven distinct regions of the F1 hybrid genome, while only one 

and two map regions were distorted in the E. globulus and E. grandis parents, respectively. 

Distortion was highly directional in all distorted regions, i.e. marker alleles of one parent were 

favored throughout the distorted region.  

In the maps of the F1 hybrid, recurrent alleles were favored in several distorted regions, i.e. 

there was resistance to introgression of donor alleles in these regions (selection against E. grandis 

alleles in the E. globulus BC, or E. globulus alleles in the E. grandis BC). However, 

approximately the same number of regions was skewed towards the donor parent in both maps of 

the F1 hybrid. It may therefore be possible to increase hybrid fitness by selecting for donor alleles 

at these genomic regions in advanced generations of backcrossing. These genotypes should 

already be in excess due to viability selection. If the selective advantage of donor genetic material 

in F2 hybrids is due to the alleviation of genetic load in the recurrent genetic background, this 

may provide a way to reduce the genetic load of the recurrent species or advanced hybrid 

generations.  

We used a multipoint mapping approach (Vogl and Xu 2000) to estimate the position and 

effect of segregation distortion loci (SDL) in these distorted regions. These SDL may represent 

genetic factors that affect the fertilization ability of F1 gametes or the viability of F2 zygotes, 

because these two sources of segregation distortion cannot be distinguished in a backcross model 

(Cheng et al. 1998). Gametic selection may play an important role in the transmission of alleles 

from the F1 hybrid to its offspring. E. globulus pollen tubes grow much longer than E. grandis 
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pollen tubes because E. globulus flowers are much larger. This causes a strong unilateral mating 

barrier between the two species, because E. grandis pollen tubes cannot grow the full length of E. 

globulus styles and can therefore not reach the ovules (Gore et al. 1990). Pollen tube growth rate 



 

and length may therefore segregate in the pollen of the F1 hybrid and affect the transmission rate 

of the alleles that control these pollen characteristics. Physiological interactions between pollen 

and the styles of the hybrid and backcross parents may also cause differential transmission (Ellis 

et al. 1991).  

The presence or absence of a number of hybrid abnormality phenotypes was recorded in the 

two F2 backcross families and these binary traits were mapped as QTL. Evaluation of the co-

localization of SDL, QTLs for hybrid abnormality traits and QTLs for growth suggested negative 

pleiotropic effect of some hybrid viability loci on the growth and vigor of adult F2 plants. A small 

number of pairwise epistatic interactions between SDL were observed, but negative epistatic 

interactions did not contribute significantly to viability selection in the backcross families. 

Comparative mapping of QTLs for physical and chemical wood properties in E. grandis 

and E. globulus 

Until recently, it has been very difficult, if not impossible, to perform QTL analyses of wood 

properties in large mapping populations of forest trees. This can mostly be ascribed to the low 

throughput and high cost of genotyping and phenotyping technology required for these kinds of 

studies. Chemical properties of wood are especially difficult and costly to measure in large 

numbers of samples. Interspecific differences in physical and chemical wood properties are of 

great importance for the pulp and papermaking process and the quality of the final product 

(Cotterill and Macrae 1997). Genetic factors that are responsible for interspecific differentiation 

in wood properties between E. grandis and E. globulus are expected to be heterozygous in the F1 

hybrid of these two species and should therefore segregate in F2 backcross progeny. E. grandis 

and E. globulus have contrasting trait means for several important wood properties such as wood 

density, pulp yield, cellulose content and lignin content, and this interspecific backcross pedigree 

provided the ideal opportunity to study the genetic basis for these species differences. 

 We were able to map QTLs for physical and chemical wood properties in two-year old 

interspecific backcross progeny of the E. grandis × E. globulus cross by making use of the high-

throughput AFLP genotyping technology developed during this project (Myburg et al. 2001), and 

a high-throughput phenotyping assay for wood properties. Near-infrared reflectance (NIR) 

spectroscopy provides large amounts of spectral data that can be used to rapidly determine the 
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chemical composition and physical properties of plantation eucalypt woods (Schimleck et al. 

1997; Michell and Schimleck 1998). 



 

 We obtained useful wood samples for NIR analysis, and AFLP genotypes for QTL mapping 

from 265 trees of the backcross to E. globulus and 277 trees of the backcross to E. grandis. The 

NIR spectra and trait calibrations provided by Shell Forestry, UK were used to obtain predicted 

wood properties trait values for a variety of traits including pulp yield, alkali consumption during 

pulping, basic density, lignin content, extractives content, cellulose content, heat content, fiber 

length and fiber coarseness. In addition, we used principal component analysis to obtain the 

independent components of variation in the uncalibrated NIR spectra of the backcross 

individuals. 

We used composite interval mapping (CIM) (Zeng 1993, 1994) to detect putative QTLs for 

NIR predicted wood properties and tested all the putative QTLs for main and epistatic effects in 

joint multiple regression models for each backcross family. This allowed us to identify 18 

candidate QTLs with significant effect on NIR spectral variation and NIR predicted wood 

properties in the E. globulus BC family and 13 candidate QTLs with significant effects in the E. 

grandis BC family.  

 Evaluation of the co-localization of candidate QTLs for the different NIR predicted traits 

revealed that many of the genomic regions contained genetic factors that affected multiple 

correlated traits. It was not possible to distinguish between close linkage of multiple genetic 

factors and pleiotropic effects of single factors. However, the direction of shared genetic effects 

was in most cases consistent with the correlation between the traits and we conclude that the 

shared QTLs provide a genetic explanation for the observed trait correlations. 

QTL analysis of the principal components of uncalibrated NIR spectral variation revealed that 

many of the candidate QTLs that were shared among different NIR predicted wood properties 

were also present in QTL profiles for principal components. Five traits in particular, fiber 

coarseness, cellulose content, oven-dry lignin content, extractives-free lignin content and heat 

content, had very similar QTL profiles than one of the principal components of uncalibrated NIR 

spectral variation in each of the backcross families. This suggests a strong genetic basis for these 

principal components of spectral variation, and point towards the possible use of uncalibrated 

spectral data for the detection of QTLs with effects on wood properties. 

 The allelic substitution effects of candidate QTLs ranged from 0.26 to 0.67 phenotypic 
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standard deviations. There is therefore considerable potential for the use of marker-assisted 

breeding to combine favorable alleles of E. grandis and E. globulus in a common genetic 



 

background. The majority of candidate QTLs segregated out of the F1 hybrid and may be genetic 

factors that are responsible for genetic differentiation in the traits studied.  

 Only two QTLs mapped to syntenic regions of the paternal and maternal genetic maps of the 

F1 hybrid and may be the same genetic factors that segregated in both genetic backgrounds. The 

majority of candidate QTLs were only detected in one of the two backcross families, which 

suggested nonadditive modes of action for these QTLs. Dominance of alleles in one of the two 

backcross parents may play an important role in the expression of QTLs in the two reciprocal 

genetic backgrounds.  

Finally, our results suggest a complex genetic basis for growth, fitness and wood properties in 

the F1 hybrid of E. grandis and E. globulus spp. globulus. This is not unexpected for such a wide 

interspecific cross. Hybrid inviability factors expressed during embryonic development may have 

pleiotropic effects on growth and development of plants that survive to adulthood. Marker-

assisted breeding may therefore be the only feasible way to approach advanced generation hybrid 

breeding in this cross, apart from testing all promising F2 backcross progeny in advanced 

generations. All the putative hybrid sterility and hybrid viability factors are successfully tagged 

with markers in our framework genetic maps, as are the QTLs for NIR predicted wood properties. 

It is possible to identify F2 individuals with complementary multilocus genotypes at the major 

hybrid viability loci and wood property QTLs. These individuals can be used as parents for an F3 

intercross or advanced backcross generation. It may still be necessary to generate large hybrid 

progeny sets to generate multilocus genotypes with desirable alleles at most viability loci. 

LITERATURE CITED 

BARIL, C. P., D. VERHAEGEN, P. VIGNERON, J. M. BOUVET, and A. KREMER, 1997 
Structure of the specific combining ability between two species of Eucalyptus .2. A clustering 
approach and a multiplicative model. Theor. Appl. Genet. 94: 804-809. 

BRANDAO, L. G., E. CAMPINHOS, and Y. K. IKEMORI, 1984 Brazil's new forest sears to 
success. Pulp & Paper Int. 26: 38-40. 

BRONDANI, R. P. V., C. BRONDANI, R. TARCHINI, and D. GRATTAPAGLIA, 1998 
Development, characterization and mapping of microsatellite markers in Eucalyptus grandis 
and E. urophylla. Theor. Appl. Genet. 97: 816-827. 

Summary and Conclusions

 

191

CHENG, R., A. KLEINHOFS, and Y. UKAI, 1998 Method for mapping a partial lethal factor 
locus on a molecular marker linkage map of a backcross and doubled-haploid population. 
Theor. Appl. Genet. 97: 293-298. 

CHETELAT, R. T., V. MEGLIC, and P. CISNEROS, 2000 A genetic map of tomato based on 



 

BC1 Lycopersicon esculentum x Solanum lycopersicoides reveals overall synteny but 
suppressed recombination between these homeologous genomes. Genetics 154: 857-867. 

COTTERILL, P., and S. MACRAE, 1997 Improving Eucalyptus pulp and paper quality using 
genetic selection and good organization. Tappi J. 80: 82-89 . 

ELDRIDGE, K., J. DAVIDSON, C. HARWOOD, and G. VAN WYK, 1993 Eucalypt 
Domestication and Breeding. Oxford University Press, Oxford. 

ELLIS, M. F., M. SEDGLEY, and J. A. GARDNER, 1991 Interspecific pollen pistil interaction 
in Eucalyptus L'Hér. (Myrtaceae) - the effect of taxonomic distance. Annals of Botany 68: 
185-194. 

GAIOTTO, F. A., M. BRAMUCCI, and D. GRATTAPAGLIA, 1997 Estimation of outcrossing 
rate in a breeding population of Eucalyptus urophylla with dominant RAPD and AFLP 
markers. Theor. Appl. Genet. 95: 842-849. 

GION, J. M., P. RECH, J. GRIMA-PETTENATI, D. VERHAEGEN, and C. PLOMION, 2000 
Mapping candidate genes in Eucalyptus with emphasis on lignification genes. Mol. Breed. 6:  
441-449. 

GORE, P. L., B. M. POTTS, P. W. VOLKER, and J. MEGALOS, 1990 Unilateral cross-
incompatibility in Eucalyptus: the case of hybridization between Eucalyptus globulus and 
Eucalyptus nitens. Aust. J. Bot. 38: 383-394. 

GRATTAPAGLIA, D., and H. D. BRADSHAW, 1994 Nuclear DNA content of commercially 
important Eucalyptus species and hybrids. Can. J. For. Res. 24: 1074-1078. 

GRATTAPAGLIA, D., and R. SEDEROFF, 1994 Genetic linkage maps of Eucalyptus grandis 
and Eucalyptus urophylla using a pseudo-testcross mapping strategy and RAPD markers. 
Genetics 137: 1121-1137. 

GRIFFIN, A. R., I. P. BURGESS, and L. WOLF, 1988 Patterns of natural and manipulated 
hybridization in the genus Eucalyptus L'Herit - a review. Aust. J. Bot. 36: 41-66. 

GRIFFIN, A. R., J. HARBARD, C. CENTURION, and P. SANTINI, 2000 Breeding Eucalyptus 
grandis x globulus and other interspecific hybrids with high inviability - Problem analysis and 
experience at Shell Forestry Projects in Uruguay and Chile, pp. 1-13 in "Hybrid Breeding and 
Genetics of Forest Trees" Proceedings of QFRI/CRC-SPF Symposium, 9-14 April 2000, 
Noosa, Queensland, Australia, compiled by M. J. D. A. D. G. N. H. S. DUNGEY. Department 
of Primary Industries, Brisbane. 

HARDNER, C. M., and B. M. POTTS, 1995 Inbreeding depression and changes in variation after 
selfing in Eucalyptus globulus ssp. globulus. Silvae Genet. 44: 46-54. 

Summary and Conclusions

 

192

LOPEZ, G. A., B. M. POTTS, and P. A. TILYARD, 2000 F1 hybrid inviability in Eucalyptus: the 
case of E. ovata x E. globulus. Heredity 85: 242-250. 

MICHELL, A. J., and L. R. SCHIMLECK, 1998 Developing a method for the rapid assessment 



 

of pulp yield of plantation eucalypt trees beyond the year 2000. Appita J. 51: 428-432. 

MOREAU, P., P. THOQUET, J. OLIVIER, H. LATERROT, and N. GRIMSLEY, 1998 Genetic 
mapping of Ph2, a single locus controlling partial resistance to Phytophthora infestans in 
tomato. Mol. Plant-Microbe Interact. 11: 259-269. 

MYBURG, A. A., D. L. REMINGTON, D. M. O’MALLEY, R. R. SEDEROFF, and R. W. 
WHETTEN, 2001 High-throughput AFLP analysis using infrared dye-labeled primers and an 
automated DNA sequencer. BioTechniques 30: 348-357. 

POTTS, B. M., P. W. VOLKER, and H. S. DUNGEY, 1992 Barriers to the production of hybrids 
in Eucalyptus, pp. pp 193-204 In Mass Production Technology for Genetically Improved Fast 
Growing Forest Tree Species (AFOCEL-IUFRO Symposium), Bordeaux, France, Association 
Foret Cellulose: Nangis - France). 

POTTS, B. M., P. W. VOLKER, P. A. TILYARD, and K. JOYCE, 2000 The genetics of 
hybridization in temperate Eucalyptus, pp. 200-211 in "Hybrid Breeding and Genetics of 
Forest Trees" Proceedings of QFRI/CRC-SPF Symposium, 9-14 April 2000, Noosa, 
Queensland, Australia, compiled by M. J. D. A. D. G. N. H. S. DUNGEY. Department of 
Primary Industries, Brisbane. 

REMINGTON, D. L., R. W. WHETTEN, B. H. LIU, and D. M. O'MALLEY, 1999 Construction 
of an AFLP genetic map with nearly complete genome coverage in Pinus taeda. Theor. Appl. 
Genet. 98: 1279-1292. 

SCHIMLECK, L. R., P. J. WRIGHT, A. J. MICHELL, and A. F. A. WALLIS, 1997 Near-
infrared spectra and chemical compositions of E. globulus and E. nitens plantation woods. 
Appita J. 50: 40-46. 

STRAUSS, S. H., R. LANDE, and G. NAMKOONG, 1992 Limitations of molecular marker-
aided selection in forest tree breeding. Can. J. For. Res. 22: 1050-1061. 

VOGL, C., and S. XU, 2000  Multipoint mapping of viability and segregation distorting loci 
using molecular markers. Genetics 155: 1439-1447. 

VOS, P., R. HOGERS, M. BLEEKER, M. REIJANS, T. VANDELEE et al., 1995 AFLP - A new 
technique for DNA-fingerprinting. Nucleic Acids Res. 23: 4407-4414. 

ZABEAU, M., VOS, P. 1993. Selective restriction fragment amplification: a general method for 

DNA fingerprinting.  European patent application number: 92402629.7.  Publication number 

0534 858 A1. 

 ZENG, Z. B., 1993 Theoretical basis for separation of multiple linked gene effects in mapping 

Summary and Conclusions

 

193

quantitative trait loci. Proc. Natl. Acad. Sci. USA 90: 10972-10976. 

ZENG, Z. B., 1994 Precision mapping of quantitative trait loci. Genetics 136: 1457-1468. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIXES 

 

                  Appendixes  194



 

                  Appendixes  195

4 ACA/CAG-107f 10.6 26.0 
5 ACA/CTC-264f 14.4 40.4 
6 ATT/CCA-558f 14.2 54.5 
7 ACT/CCA-220f 12.1 66.6 
 LG5m   
1 ATT/CCT-104a 0.0 0.0 

Appendix A.  

Genetic map information of framework markers in the four parental maps selected for 

QTL mapping 

Hybrid maternal map 

Marker Marker  Interval Position 

 no  Name (cM) (cM) 

 LG1m   
1 ACT/CCA-138a 0.0 0.0 
2 ACC/CCA-217f 5.7 5.7 
3 ACA/CCA-263a 14.8 20.5 
4 ACC/CCA-355f-s 34.9 55.4 
5 AAG/CCT-280f 18.1 73.5 
6 AAG/CCG-293f-s 8.5 82.0 
7 ATC/CCA-239f-s 10.1 92.1 
8 ATT/CCT-164a 6.8 99.0 
9 ATG/CCA-105a 17.4 116.4 
 LG2m   
1 AAG/CCG-372f-s 0.0 0.0 
2 ACG/CCA-346f-s 7.6 7.6 
3 ATG/CCA-077f 5.6 13.2 
4 AAC/CCC-048a 8.4 21.6 
5 ACA/CAC-166f 8.3 29.9 
6 AAG/CTG-223f 13.6 43.5 
7 ACA/CTC-513f 10.5 54.0 
8 ACA/CTC-364f-s 6.4 60.5 
9 ACA/CCA-343f-s 5.2 65.6 
 LG3m   
1 ATC/CCA-360a-s 0.0 0.0 
2 ACA/CAG-208f 8.6 8.6 
3 AAC/CCC-125f-s 8.0 16.6 
4 AAG/CTG-668f 12.1 28.7 
5 ATT/CCA-262f 7.1 35.8 
6 AAG/CGG-254f-s 14.0 49.7 
7 AAA/CCG-190a-s 8.6 58.3 
8 AAG/CCT-251f 9.6 67.9 
9 ACA/CCC-252f 8.5 76.4 

10 ACA/CAG-503f 6.2 82.6 
11 ACG/CCA-389f 13.9 96.5 
12 ACA/CTC-107a 15.8 112.2 
13 ACG/CCA-066f 11.6 123.8 
14 ACA/CTC-545f-s 4.8 128.7 
 LG4m   
1 ACA/CCC-160a-s 0.0 0.0 
2 ACA/CCC-083f-s 11.1 11.1 
3 ACT/CCA-270f-s 4.2 15.3 
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2 ACA/CCA-134f 5.2 5.2 
3 AAG/CCG-166f 4.5 9.8 
4 ACA/CCA-567a 4.2 14.0 
5 ACA/CTC-082a-s 6.3 20.3 
6 ACA/CTC-053f-s 21.7 42.0 
7 ACA/CAG-062f-s 7.7 49.7 
8 ACA/CTC-114f-s 6.2 55.9 
9 ACG/CCA-466f-s 10.2 66.1 

10 AAG/CCG-163a-s 5.5 71.6 
11 AAA/CCG-161f-s 11.9 83.5 
12 AAG/CCT-124a-s 2.9 86.5 
13 ACA/CCC-191f 5.0 91.4 
 LG6m   
1 ATG/CCA-304f-s 0.0 0.0 
2 AAG/CCT-106f 7.5 7.5 
3 ACG/CCA-064f 12.1 19.5 
4 AAG/CCG-244f-s 12.8 32.3 
5 AAG/CCT-097f-s 16.8 49.1 
6 ATT/CCA-171a 5.4 54.5 
7 AAG/CGG-122f-s 12.4 66.9 
 LG7m   
1 ACA/CAC-486f 0.0 0.0 
2 ACA/CCT-105f-s 6.2 6.2 
3 AAG/CTG-378a 12.1 18.3 
4 AAA/CCG-111a-s 11.7 30.0 
5 ACT/CCA-163f-s 8.7 38.6 
6 ACA/CGC-213f-s 5.4 44.0 
7 ACA/CGC-233f-s 14.1 58.1 
8 ACT/CCA-242f-s 9.3 67.5 
9 AAC/CCT-094f-s 6.3 73.7 

10 AAC/CCT-057a-s 6.5 80.2 
 LG8m   
1 ATG/CCA-477f 0.0 0.0 
2 AAC/CCT-655f 13.2 13.2 
3 ACA/CAG-744f-s 12.4 25.6 
4 ACA/CAC-090f 11.4 37.0 
5 AAG/CGG-147f-s 7.5 44.5 
6 ACA/CGG-123f 6.9 51.4 
7 ATC/CCA-214f 6.5 57.9 
8 AAG/CGG-128f 10.7 68.6 
9 AAG/CTG-157f-s 6.2 74.8 

10 AAG/CCT-185f-s 8.1 82.9 
 LG9m   
1 ACA/CTC-127f-s 0.0 0.0 
2 ACA/CTC-626f-s 6.8 6.8 
3 AAG/CGG-201f-s 7.1 13.9 
4 ACA/CCA-249f-s 10.0 23.9 
5 ACG/CCA-174f-s 13.5 37.4 
6 ACA/CTC-150f-s 10.3 47.7 
7 ACA/CCT-423f-s 7.9 55.6 
8 ACA/CCC-086f 9.6 65.2 
9 AAG/CCG-444f-s 15.3 80.5 

10 AAC/CCC-243f-s 7.3 87.9 
11 AAA/CGA-133a 6.8 94.7 
 LG10m   
1 ATG/CCA-672a 0.0 0.0 
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2 ACT/CCA-172a 5.7 5.7 
3 ACA/CAC-111f 8.7 14.4 
4 AAG/CTG-526f 17.3 31.7 
5 ACC/CCA-152f 6.2 37.9 
6 ACA/CAC-225f-s 10.3 48.2 
7 ACA/CAC-185f-s 5.3 53.5 
8 ACA/CCA-240f-s 8.4 61.9 
9 ACG/CCA-558f-s 12.3 74.2 

10 ACA/CCA-186f-s 11.3 85.5 
11 ACA/CTC-536f-s 13.2 98.7 
12 ATG/CCA-540a 6.7 105.4 
 LG11m   
1 ACC/CCA-504f 0.0 0.0 
2 ACG/CCA-445f-s 5.2 5.2 
3 ATG/CCA-056f 29.4 34.6 
4 AAG/CGG-117f 4.9 39.5 
5 ATC/CCA-186f-s 18.3 57.9 
6 ACT/CCA-110f 7.2 65.1 
7 ACG/CCA-271f-s 8.4 73.5 
8 ACA/CGC-112f-s 5.9 79.4 
9 AAG/CCG-352f-s 6.8 86.2 

10 ACA/CAG-079f-s 16.3 102.4 
11 ATG/CCA-342a 11.7 114.2 
12 AGC/CCG-246f 9.0 123.2 
    

E. globulus paternal map 

No Marker name Interval Position 

    (cM) (cM) 

 LG1gl   
1 AGC/CCG-414a 0.0 0.0 
2 ATT/CCA-094a 24.9 24.9 
3 ACA/CAG-053f 12.0 36.9 
4 ACC/CCA-359f 26.9 63.8 
5 ATG/CCA-073a 8.2 72.0 
6 AAA/CCG-112a 13.3 85.3 
7 AAG/CTG-330a 10.6 95.9 
8 ACA/CCT-579a 5.9 101.9 
    
 LG2gl   

1 AAG/CGG-434a 0.0 0.0 
2 ACA/CAC-144f 6.5 6.5 
3 ACA/CAC-158f 22.8 29.3 
4 ACA/CTC-193a 9.4 38.7 
5 ACC/CCA-148f 23.5 62.2 
6 ACA/CAC-433a 7.0 69.2 
7 ACC/CCA-250f 4.9 74.2 
8 ACA/CCT-525f 7.6 81.8 
9 ATT/CCA-296f 4.0 85.8 

10 ACA/CCA-314a 4.2 90.0 
 LG3gl   

1 ACA/CGG-193f 0.0 0.0 
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2 AAA/CCG-217f 33.7 33.7 
3 AAG/CCT-057a 22.2 56.0 
4 ACA/CGG-097f 8.5 64.4 
5 AAC/CCT-351f 7.4 71.8 
6 ACA/CCC-262f 13.9 85.7 
7 ACA/CGG-263f 8.2 94.0 
8 ATC/CCA-129f 7.1 101.1 
9 ATG/CCA-114a 23.9 125.0 

10 ATC/CCA-329f 18.6 143.6 
 LG4gl   

1 AGC/CCG-062f 0.0 0.0 
2 ACA/CCA-758a 9.2 9.2 
3 ATT/CCT-161f 10.7 19.8 
4 ATG/CCA-209a 7.5 27.3 
5 AAC/CCT-124f 9.7 37.0 
6 ATG/CCA-064f 8.0 45.0 
7 ACA/CCC-383a 5.9 50.9 
8 ATT/CCA-205a 10.7 61.7 
9 ACA/CCC-051a 12.9 74.5 
 LG5gl   

1 ATT/CCA-382f 0.0 0.0 
2 ACA/CTC-136a 9.2 9.2 
3 ACA/CTC-070f 28.2 37.4 
4 AAG/CCT-132f 8.4 45.8 
5 ACA/CCT-574a 10.6 56.4 
6 ACA/CCC-283f 6.3 62.7 
7 ACA/CTC-095f 9.7 72.4 
8 AAC/CCC-270a 8.6 81.1 
9 ATC/CCA-229f 13.9 95.0 

10 AAA/CCG-097a 5.4 100.4 
11 ATT/CCT-145a 7.5 107.8 

 LG6gl   
1 ATT/CCT-063f 0.0 0.0 
2 AAA/CGA-119a 22.7 22.7 
3 AAC/CCC-107f 20.9 43.6 
4 ACA/CAC-128f 8.2 51.8 
5 ACA/CGG-173a 22.8 74.6 
6 ACA/CCT-354a 9.8 84.4 
7 ACA/CAC-393a 6.9 91.3 
8 ATG/CCA-156f 7.1 98.4 
 LG7gl   

1 ACA/CTC-050a 0.0 0.0 
2 AAG/CTG-096f 18.4 18.4 
3 ATG/CCA-220a 8.5 26.9 
4 ACA/CCA-116f 17.8 44.7 
5 ATC/CCA-317f 6.4 51.1 
6 AAC/CCC-352f 8.2 59.3 
7 AAG/CCT-310f 11.9 71.1 
8 ACA/CTC-256f 6.0 77.1 
9 ACA/CCT-044f 7.0 84.1 

10 AAC/CCC-084a 6.8 91.0 
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 LG8gl   
1 ATG/CCA-282f 0.0 0.0 
2 ATT/CCA-266a 22.3 22.3 
3 ACA/CGC-224f 18.7 41.0 
4 ACT/CCA-212f 27.7 68.8 
5 AAG/CTG-100f 18.6 87.4 
 LG9gl   

1 ATG/CCA-515a 0.0 0.0 
2 ACA/CGC-173f 8.3 8.3 
3 ATC/CCA-071a 21.2 29.4 
4 AAC/CCC-266f 12.0 41.5 
5 ATG/CCA-141f 10.2 51.7 
6 AGC/CCG-404f 12.5 64.2 
7 AGC/CCG-291f 27.2 91.3 
8 ACT/CCA-535f 51.7 143.0 
9 AAC/CCT-154f 14.2 157.2 
 LG10gl   

1 ACG/CCA-177a 0.0 0.0 
2 ACT/CCA-232a 8.3 8.3 
3 ACA/CCT-046f 6.2 14.6 
4 AAA/CCG-409f 43.0 57.5 
5 ACG/CCA-108f 16.3 73.8 
6 AAG/CCG-428a 5.9 79.7 
7 ACT/CCA-063f 27.3 106.9 
8 ATT/CCT-155a 14.7 121.6 
9 ACA/CCC-200f 7.1 128.7 

10 AAG/CCG-301a 10.6 139.3 
11 ATT/CCT-100a 4.6 143.9 

 LG11gl   
1 ACG/CCA-233f 0.0 0.0 
2 ACA/CCC-053f 6.1 6.1 
3 ACA/CCC-696f 15.1 21.3 
4 ACA/CAG-187f 50.8 72.0 
5 AAA/CCG-086f 9.8 81.8 
6 AAG/CTG-107f 4.9 86.7 
    

Hybrid paternal map 

No Marker name Interval Position 

    (cM) (cM) 

 LG1p   
1 AAG/CCG-186f 0.0 0.0 
2 AAA/CCG-241a-s 12.4 12.4 
3 ACA/CGG-086f 16.8 29.2 
4 AAA/CCG-186f 17.9 47.1 
5 ACC/CCA-355f-s 20.3 67.4 
6 AAA/CCG-120f 6.7 74.1 
7 AAC/CCT-342a 6.8 80.9 
8 ATG/CCA-045f 7.1 88.0 
9 AAC/CCT-200f 8.4 96.4 
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10 ACC/CCA-533f-s 5.2 101.7 
11 AAG/CCG-293f-s 6.9 108.5 
12 ATC/CCA-239f-s 8.1 116.6 
13 ACA/CCC-080a 12.1 128.7 
14 ACA/CCC-060a 6.0 134.7 

 LG2p   
1 AAG/CCG-372f-s 0.0 0.0 
2 ACG/CCA-346f-s 8.7 8.7 
3 ACT/CCA-181a 11.1 19.8 
4 ACC/CCA-382f 18.9 38.6 
5 ACC/CCA-464f 4.3 42.9 
6 AAG/CTG-155a 9.9 52.8 
7 ACA/CTC-364f-s 8.0 60.8 
8 ACA/CCA-343a-s 6.8 67.6 
 LG3p   

1 ATC/CCA-360f-s 0.0 0.0 
2 AAC/CCC-125a-s 8.4 8.4 
3 AAG/CCG-240f 13.2 21.5 
4 AAG/CCG-179f 10.2 31.8 
5 AAG/CCT-430f-s 6.6 38.4 
6 AAG/CGG-254a-s 14.0 52.4 
7 AAA/CCG-190a-s 10.3 62.7 
8 ACC/CCA-410f-s 7.1 69.8 
9 AAA/CGA-135a 38.9 108.7 

10 ACA/CTC-545a-s 24.0 132.6 
11 AGC/CCG-118a 5.3 138.0 

 LG4p   
1 ACA/CCC-160a-s 0.0 0.0 
2 ACA/CCC-083f-s 9.2 9.2 
3 ACT/CCA-270f-s 16.3 25.6 
4 ATC/CCA-217f 7.6 33.2 
5 AAC/CCC-127f 6.5 39.7 
6 ACA/CCT-351f 9.0 48.6 
7 ACA/CCA-250f 18.5 67.2 
8 AAG/CCT-321f 8.6 75.8 
 LG5p   

1 ATT/CCT-102a 0.0 0.0 
2 ACA/CCT-079a 4.4 4.4 
3 AAG/CCG-166f 7.8 12.2 
4 ACA/CTC-082f-s 7.9 20.1 
5 ACA/CTC-053a-s 20.9 41.0 
6 ACA/CCA-146f 5.2 46.2 
7 ACA/CTC-114f-s 6.3 52.5 
8 AAC/CCT-546f 7.5 60.0 
9 ACG/CCA-466f-s 6.4 66.4 

10 AAG/CCG-163f-s 4.6 70.9 
11 AAG/CTG-058f 6.4 77.4 
12 AAA/CCG-161f-s 6.9 84.3 
13 AAG/CCT-124a-s 3.0 87.3 
14 AGC/CCG-089f 10.9 98.2 

 LG6p   
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1 ATC/CCA-095f 0.0 0.0 
2 AAA/CCG-595f 6.2 6.2 
3 ACA/CGG-089f 7.4 13.6 
4 ATG/CCA-304a-s 7.4 21.0 
5 AAG/CCT-680a-s 31.7 52.7 
6 AAG/CCG-244f-s 7.3 60.0 
7 AAG/CCT-097a-s 15.9 75.9 
8 ACA/CCT-328f 9.1 85.0 
9 AAG/CGG-122a-s 17.0 102.0 
 LG7p   

1 ATT/CCT-113a 0.0 0.0 
2 ACA/CCT-105f-s 6.5 6.5 
3 AAA/CCG-111a-s 22.6 29.1 
4 ACA/CGC-213f-s 7.2 36.3 
5 ACA/CGC-072a-s 12.1 48.4 
6 ACT/CCA-203f 5.9 54.3 
7 ACT/CCA-242f-s 13.3 67.6 
8 ACC/CCA-157a-s 6.7 74.3 
9 AAC/CCT-094f-s 7.3 81.6 

10 AAC/CCT-057f-s 7.8 89.4 
 LG8p   

1 ACA/CCA-130f 0.0 0.0 
2 AGC/CCG-473f 8.9 8.9 
3 ACA/CCA-087a-s 12.4 21.2 
4 ACA/CAG-744a-s 6.5 27.8 
5 ACA/CAC-091f 10.6 38.3 
6 AAG/CTG-192a 8.4 46.7 
7 AAG/CGG-147f-s 5.8 52.6 
8 AAG/CCT-084f 6.8 59.3 
9 AAA/CGA-088a 25.6 84.9 

10 AAG/CTG-157a-s 7.6 92.5 
11 AAC/CCT-149f-s 6.0 98.5 
12 AAG/CCT-185f-s 6.1 104.6 
13 AGC/CCG-052a 10.4 115.0 

 LG9p   
1 ACA/CTC-127f-s 0.0 0.0 
2 ACA/CTC-626a-s 7.8 7.8 
3 AAG/CGG-201f-s 10.0 17.8 
4 ACA/CCA-249f-s 4.9 22.7 
5 ACG/CCA-174f-s 12.5 35.2 
6 ACA/CTC-150f-s 11.2 46.4 
7 ACA/CCT-423f-s 6.8 53.2 
8 ACT/CCA-230f 11.9 65.1 
9 AAG/CTG-103f 9.6 74.8 

10 AAG/CCG-444f-s 7.3 82.1 
11 AAC/CCC-243f-s 10.9 92.9 
12 ACT/CCA-750f 10.9 103.8 
13 AAG/CCT-072a 6.2 110.0 

 LG10p   
1 AAG/CGG-092f 0.0 0.0 
2 AAA/CCG-374a 11.6 11.6 
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3 ACA/CCT-135f 15.2 26.7 
4 ACA/CAC-225f-s 33.2 59.9 
5 ACA/CAC-185f-s 7.2 67.2 
6 ACA/CCA-240a-s 6.9 74.0 
7 ACG/CCA-558a-s 11.3 85.4 
8 ACT/CCA-074a-s 5.6 90.9 
9 ACA/CCA-186a-s 9.4 100.3 

10 ATT/CCT-136f 6.5 106.8 
11 ACA/CTC-536f-s 9.6 116.4 
12 ATT/CCT-422f 9.6 126.1 

 LG11p   
1 ACG/CCA-445a-s 0.0 0.0 
2 ACA/CTC-060f 12.1 12.1 
3 ATT/CCT-082f 20.9 33.0 
4 ATC/CCA-186a-s 19.7 52.7 
5 AAG/CCT-119f 12.8 65.5 
6 ACG/CCA-271f-s 4.5 70.0 
7 ACA/CGC-112f-s 8.8 78.8 
8 AAG/CCG-352f-s 13.1 91.9 
9 ACA/CAG-079a-s 15.1 107.0 

10 ACA/CAG-286f 12.5 119.5 
    

E. grandis maternal map 

No Marker name Interval Position 

    (cM) (cM) 

 LG1p   

1 ACC/CCA-359a 0.0 0.0 
2 ACA/CCA-268f 5.8 5.8 
3 ATG/CCA-069a 4.6 10.4 
4 ACT/CCA-305a 6.5 16.8 
5 AAC/CCC-222f 14.4 31.2 
6 AGC/CCG-266f 5.8 37.0 
7 AAG/CTG-336f 4.8 41.8 
8 ACA/CAG-216f 6.8 48.6 
 LG2p   

1 ATG/CCA-600f 0.0 0.0 
2 AAG/CGG-661a 7.6 7.6 
3 ATG/CCA-103f 33.2 40.8 
4 ACA/CTC-256f 22.5 63.3 
5 ATT/CCT-050a 7.1 70.4 
6 ACC/CCA-614f 7.1 77.5 
 LG3p   

1 AAC/CCT-304a 0.0 0.0 
2 ACA/CCT-255f 22.1 22.1 
3 ACG/CCA-189a 9.9 32.0 
4 ACA/CGC-386a 7.0 39.0 
5 ACA/CCA-129f 13.8 52.8 
6 AAG/CCT-581a 9.5 62.2 
7 ACT/CCA-126f 9.4 71.6 
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8 AAA/CCG-255a 9.6 81.2 
9 AGC/CCG-182a 7.8 89.0 

10 AAG/CCG-045a 12.0 101.0 
11 ATT/CCT-119a 25.5 126.4 

 LG4p   
1 ATC/CCA-137a 0.0 0.0 
2 ACA/CAG-074a 15.9 15.9 
3 ATT/CCT-161f 5.2 21.1 
4 ACA/CCT-380f 8.3 29.4 
5 ACA/CCT-096f 12.0 41.4 
6 AAA/CCG-062f 12.6 54.0 
7 ACA/CAC-113f 8.0 62.1 
8 AAG/CCT-327f 17.8 79.9 
9 AAG/CCT-234a 4.4 84.3 
 LG5gr   

1 ACT/CCA-237f 0.0 0.0 
2 AAG/CCG-198f 15.1 15.1 
3 ACC/CCA-091f 5.4 20.5 
4 AAC/CCT-649a 6.6 27.1 
5 AAC/CCT-064f 11.4 38.5 
6 ACA/CTC-210f 7.6 46.1 
7 AAC/CCT-302f 8.2 54.3 
8 ACA/CTC-149f 10.9 65.2 
 LG6gr   

1 ACA/CCT-796a 0.0 0.0 
2 ACA/CCA-373f 12.6 12.6 
3 AAA/CGA-496a 13.8 26.4 
4 ATG/CCA-193f 23.6 50.0 
5 AAA/CCG-518a 7.0 57.0 
6 ATC/CCA-075f 9.9 66.9 
7 ATG/CCA-453f 9.3 76.2 
8 ACA/CTC-247a 6.4 82.6 
 LG7gr   

1 AAC/CCC-197a 0.0 0.0 
2 ACG/CCA-487a 6.4 6.4 
3 AAG/CCG-049a 23.1 29.5 
4 ACG/CCA-254f 13.1 42.6 
5 AAC/CCT-331f 9.9 52.5 
6 ACA/CGG-187f 8.4 60.9 
7 AAG/CGG-124f 6.9 67.8 
8 AAG/CCT-057f 13.0 80.8 
9 AAC/CCC-169f 5.0 85.8 

10 AAA/CGA-159a 7.6 93.4 
 LG8gr   

1 ATG/CCA-153f 0.0 0.0 
2 ATC/CCA-417f 13.9 13.9 
3 ACA/CAG-748a 13.6 27.5 
4 ACA/CGC-107f 22.6 50.1 
5 AAG/CCG-183f 20.5 70.6 
6 ACA/CAG-279f 6.1 76.6 
7 AAA/CGA-117a 8.9 85.5 
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 LG9gr   
1 AAG/CCT-688a 0.0 0.0 
2 ACT/CCA-477a 4.0 4.0 
3 AAA/CCG-312a 17.5 21.5 
4 ACA/CCA-333f 8.4 29.9 
5 ACA/CCA-471a 9.2 39.1 
6 ACA/CCA-100a 10.3 49.4 
7 ATG/CCA-182a 6.7 56.1 
8 ATT/CCT-278f 15.7 71.8 
9 ACA/CAC-078f 10.2 82.0 

10 AAC/CCC-198a 16.6 98.6 
 LG10gr   

1 ATT/CCT-245a 0.0 0.0 
2 AAC/CCC-203f 12.7 12.7 
3 AAA/CCG-285a 9.4 22.1 
4 AAA/CCG-649a 8.5 30.6 
5 ACA/CGC-147a 5.5 36.1 
6 AAG/CCT-352f 19.8 55.9 
7 ACG/CCA-049a 8.1 63.9 
8 ATT/CCT-445f 18.3 82.3 
9 ATT/CCT-209a 12.6 94.9 
 LG11gr   

1 ACC/CCA-500f 0.0 0.0 
2 AAG/CTG-162f 15.3 15.3 
3 ACT/CCA-453f 11.2 26.5 
4 ATT/CCT-290a 30.3 56.8 
5 ACC/CCA-056f 9.4 66.2 
6 ACA/CCA-199a 11.2 77.4 
7 ACA/CAG-250f 5.5 82.9 
8 ACA/CAG-121f 8.9 91.8 
9 AAG/CCG-119f 10.2 102.0 

10 ACA/CAC-353f 11.0 112.9 
 

Notes: The marker names consist of the six selective nucleotides of the +3/+3 EcoRI /MseI primer 

combination and the size of the AFLP fragment in base pairs. The quality indicators (f and a) 

refer to fragments that were readily scored by the semi-automated scoring function of AFLP-

Quantar (f), and to fragments that required manual editing after semi-automated scoring (a).  In 

the paternal and maternal maps of the F1 hybrid, an indicator (s) was added to testcross markers 

that segregated in both backcross families and were shared between the two maps. 
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Appendix B 
 Frequency distributions for NIR predicted wood properties 
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Appendix B (continued) 
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Appendix B (continued) 
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Appendix B (continued) 

 

 

 

Notes: The descriptive statistics of the trait distributions in the two families, including tests for 

normality, are listed in Table 2 of Chapter 5.  
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Appendix C 
 Pairwise phenotypic correlations and scatterplots of NIR predicted wood properties and 

principal components of NIR spectral variation in the E. globulus BC family 
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Appendix D 
Pairwise phenotypic correlations and scatterplots of NIR predicted wood properties and 

principal components of NIR spectral variation in the E. grandis BC family 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix E 
Results of composite interval mapping of QTLs for NIR predicted wood properties in the 
comparative maps of the F1 hybrid of E. grandis × E. globulus and the backcross parents 
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