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Abstract A genetic linkage map containing potential
candidate loci for wood, fibre and floral traits has been
constructed for Eucalyptus globulus (Labill.) based on
the segregation of 249 codominant loci in an outbred F;
population of 148 individuals. The map contains 204
RFLP loci, including 31 cambium-specific expressed se-
guence tags (ESTs) and 14 known function genes, and 40
microsatellite and five isozyme loci. Independent male
and female maps were constructed, and the 98 loci
(39%) that segregated in both parents were used to com-
bine the parental maps into an integrated map. The 249
loci mapped to 11 major linkage groups (n=11 in eucaly-
pts) and a 12th small linkage group containing three loci
that segregated in the male parent only. Total map dis-
tance is 1375 cM with an average interval of 6 cM. Forty
one of the mapped loci identify known proteins (five iso-
zymes) or sequences with known function (14 genes and
22 ESTs). The mapped genes include enzymes involved
in lignin and cell-wall polysaccharide biosynthesis, and
floral-development genes. This map will be used to
locate quantitative trait loci for wood, fibre, and other
traits in Eucalyptus.
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Introduction

Linkage maps are useful tools for breeders who wish to
employ marker-aided selection (MAS) in breeding pro-
grams (Staub et a. 1996). In tree breeding, most traits of
commercial interest are quantitative, and juvenile-mature
trait correlations are poor. Trait evaluation may take
several years; consequently, the potential benefits of
early selection using molecular markers are very attrac-
tive. Numerous linkage maps for commercial tree spe-
cies have been developed to locate quantitative trait loci
(QTLs) and provide a basis for MAS (e.g. in Pinus,
Groover et a. 1994; in Populus, Bradshaw and Stettler
1995; and in Eucalyptus, Grattapaglia et al. 1996; Byrne
et al. 1997).

Genetic linkage maps contain various types of mark-
ers, including morphological, biochemical and DNA-
based markers such as restriction fragment length poly-
morphisms (RFLPs), microsatellites or simple sequence
repeats (SSRs), random amplified polymorphic DNA
(RAPDs) and amplified fragment length polymorphisms
(AFLPs). These DNA-based markers vary in the amount
of DNA required, the costs of development and assay,
the amount of genetic information revealed and transfer-
ability across taxa (Glaubitz and Moran 2000). RFLPs
and microsatellites are codominant markers and more-in-
formative than the generally dominant RAPD and AFLP
markers when mapping outbred organisms (Maliepaard
et a. 1997). In addition, RFLPs are readily shared be-
tween individuals and taxa, and maps constructed with
RFLP markers may be integrated into generic maps for
taxa. For example, a common set of RFLP markers was
used to establish synteny between linkage maps from
Pinus radiata and Pinus taeda (Devey et a. 1999).

In eucalypts, a genetic linkage map for Eucalyptus
nitens has been constructed using RFLP and RAPD
markers in an outbred F, pedigree (Byrne et a. 1995).
Using the pseudo-testcross strategy in interspecific F;
pedigrees, individual tree genetic-linkage maps have
been constructed in Eucalyptus grandis and Eucalyptus
urophylla based on RAPD markers (Grattapaglia and
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Sederoff 1994; Verhaegen and Plomion 1996), and in
Eucalyptus globulus and Eucalyptus tereticornis based
on AFLP markers (Marques et al. 1998).

The candidate-gene approach to genetic mapping and
QTL analysis utilises the expanding database of available
plant genes. Known loci that could potentially give rise to
the phenotype associated with an unknown QTL locus are
candidate loci. Potential candidate loci may be identified
empirically from known genes that map to the same loca-
tions as mapped QTLS, or a priori through knowledge of
the regulatory or biochemical pathways associated with
trait expression. Elements of these two strategies can be
combined to enhance the potential to identify candidate
genes (Sewell and Neale 2000). Known genes that may
affect quantitative trait variation or ESTs isolated from
tissues that express the trait are mapped and candidate
gene-QTL associations are identified. For example,
acetyl-CoA carboxylase, which catalyses the first step in
fatty acid synthesis, was mapped in oat and has been
associated with a major QTL for oil content (Kianian
et a. 1999). This association is found in different oat
inbred lines and across different environments. A QTL
with a moderate effect on oil content is associated with
the same gene in maize (Berke and Rocheford 1995).
Methods for mapping known genes include sequencing
mapped cDNAs and determining similarity to known
genes (Neale et a. 1994; Jermstad et a. 1998), using iso-
lated genes as probes for RFLP analysis (Tanksley et al.
1992; Li et a. 1999), homology cloning using primers
developed by sequence alignment (Gentzbittel et al.
1998), and development and mapping of ESTs (Botella
et a. 1997). Identification of a candidate gene-QTL asso-
ciation may circumvent molecular cloning of the QTL
(Faris et a. 1999). In addition, having known genes on a
linkage map will be useful for comparative mapping from
Eucalyptus across to model plant species.

The purpose of this study isto map potential candidate
genes and cambium-specific ESTs as part of a E. globulus
QTL study in an effort to understand the molecular basis
for quantitative trait variation in wood, fibre, and flora
traits. In this paper, we report the construction of a genetic
linkage map for E. globulus based on codominant mark-
ers, the linkage-group locations of lignin and cell-wall
biosynthesis genes, floral development genes and ESTs
isolated from wood-forming tissue, and a comparison of
this map with other Eucalyptus genetic maps.

Materials and methods

Plant material

Mapping analyses were conducted on an outbred F; population of
148 full-sib progeny, the result of an inter-population cross of
King Island (female parent) and Taranna (male parent) individu-
as. This cross is part of the North Forest Products/CSIRO Divi-
sion of Forestry hybrid trials (Volker 1995) that were planted in
1990. Subsets of the 148 progeny were planted at seven sites
throughout Australia spanning the natural and planted range of
E. globulus: with four sites in Tasmania and one site each in
Victoria, New South Wales and Western Australia.

Sources of RFLP probes

The genomic DNA (gDNA) and cDNA probes used in this study
were from a E. nitens genomic library and a E. globulus cDNA
library (Byrne et al. 1994). Genomic and cDNA loci are identified
by ‘g’ and ‘c’, respectively, followed by an identifying number.
The ESTs were isolated from a E. globulus cambium-specific sub-
tracted cDNA library (Bossinger and Leitch 2000), and are identi-
fied by ‘e, followed by the last three numerals of the GenBank
accession number (Table 1). The floral genes were isolated from
E. globulus and are eucalypt homologues of Arabidopsis flora
genes: two AGAMOUS homologues (AGE1l, AGE2, Harcourt
et a. 1995), an APETALA 1 (EAPL, Kyozuka et al. 1997), and a
LEAFY homolog (ELF1, Southerton et al. 1998). The cell-wall
genes were isolated from E. globulus and are homologous to cellu-
lose synthase (ECSL), cellulase (ECA1), and xylan synthase
(EXS1 and EXS2) (S. Southerton, personal communication).
S-adenosyl homocysteine hydrolase (MsaS2) was isolated from
Medicago sativa and is thought to have an associated role in lig-
nification (Abrahams et al. 1995).

Five more RFLP probes, with sequence homology to genes of
the monolignol biosynthetic pathway (Whetten et al. 1998), were
developed from E. globulus genomic DNA for this study and
showed segregation in the pedigree: phenylalanine ammonia-lyase
(PAL), caffeoyl Coenzyme A O-methyltransferase (CCoOAOMT),
4-coumarate Coenzyme A ligase (4CL), caffeate O-methyltrans-
ferase (COMT) and cinnamoyl Coenzyme A reductase (CCR).
Cinnamoy! acohol dehydrogenase (CAD) was aso isolated from
E. globulus DNA but no variation was detected in the parents
when DNA was digested with 12 different enzymes.

Eucalypt lignin gene-probe development

Lignin gene-specific primers were designed from sequences avail-
able in public databases accessed through the NCBI web server
(http://www.ncbi.nim.nih.gob/BLAST/). For each lignin gene-
primer pair, except 4CL, the base sequence for primer design was
from a eucalypt species (Table 2). Genomic DNA and cDNA
sequences were used in each sequence alignment to distinguish
intron splice sites so that primers were not placed near these
regions. Conserved regions of aligned DNA or protein sequences
were identified using MACAW (Schuler et al. 1991). PCR primers
were designed using PRIMER (Version 0.5, Lincoln et al. 1991).
Primer pairs were selected to span at least one intron and were de-
signed with the following selection criteria: length 18-22 nucleo-
tides, 60°C melting temperature, minimum self-complementarity
and a 3' GC clamp. Polymerase chain reaction (PCR) assays were
carried out in a final volume of 25 pl in 10 mM Tris HCI
(pH 8.4), 50 mM KClI, 0.2 mM of each of the four dNTPs, 1.5 mM
MgCl,, 0.16 uM of both forward and reverse primers, 0.2 mg/ml
of bovine serum albumin, 20-30 ng of genomic DNA, and 1 unit
of Taq polymerase (GibcoBRL). The concentration of the forward
and reverse primers for 4CL amplification was increased to
0.2 uM. PCR was carried out for 30 cycles of 95°C for 15 s,
55°C for 30 s, and 72°C for 1 min. PCR-generated fragments of
E. globulus DNA were size-checked on 1.5% agarose gel, purified
with a QIAquick PCR Purification kit (Qiagen Pty Ltd, Victoria,
Australia), and cloned into plasmids using the pGEM-T Easy
Vector System (Promega Corp, Madison, Wis., USA). The inserts
were sequenced using the ABI Prism® Big DyeTerminator Cycle
Sequencing Ready Reaction Kit (PE Applied Biosystems), and a
BLAST 2.0 search (Altschul et al. 1997) was conducted on either
the nucleotide or the predicted amino-acid sequence to confirm
fragment-sequence homology.

RFLP procedures

Genomic DNA (4 pg) was extracted from leaf tissue, digested
with EcoRlI, EcoRV, Dral, Bglll, Hindlll Bcll, or Hpall restriction
enzymes, and hybridised to filters as described in Byrne et al.
(1993), except that filters were capillary blotted in 0.4 M NaOH
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Table 1 Candidate gene and cambium-specific EST loci by linkage group, with sequence homology and GenBank accession humber or

reference

Locus? Linkage Marker Seguence homol ogyP GenBank accessionc
group type or reference

e345¢c 1 EST Newd AW191345

e301 1 EST Hydroxymethyltransferase AW191301

€331 1 EST New AW191331

e377 1 EST GH1 protein; auxin inducible (IAA16; Ath) AW191377

e345d 1 EST New AW191345

e343 1 EST Transmembrane protein AW191343

e371 2 EST Serine carboxypeptidase 11-3 precursor AW191371

€378 2 EST New AW191378

€340 2 EST New AW191340

e360a 2 EST Xyloglucan endotransferase (XET) AW191360

€364 2 EST Beta-gal actosidase (Ath) AW191364

CCoAOMT 2 Gene Caffeoyl Coenzyme A O-methyltransferase This paper, Table 2

ECA1 2 Gene Cellulase homolog S. Southerton, unpublished

4CL 3 Gene 4-coumarate:Coenzyme A ligase This paper, Table 2

e370b 3 EST S-adenosyl-L-methionine synthetase (SAMS) AW191370

e329 3 EST (1-4)-beta-mannan endohydrol ase AW191329

AGE1 3 Gene Agamous homolog 1 Harcourt et al. 1995

ELF1 3 Gene Leafy homolog Southerton et al. 1998

EAP1 4 Gene Sguamousa homolog Kyozukaet al. 1997

€330b 4 EST New AW191330

PAL 4 Gene phenylalanine ammonia-lyase This paper, Table 2

e344b 4 EST P-glycoprotein AW191344

e314 5 EST Camodulin, calcium dependent protein kinase AW191314

e344a 5 EST P-glycoprotein AW191344

EXS2 5 Gene Xylan synthase homolog 2 S. Southerton, unpublished

e376 6 EST Subtilisin like protease (SBT1) AW191376

EXS1 6 Gene Xylan synthase homolog 1 S. Southerton, unpublished

e319 6 EST Cytochrome ¢ oxidase precursor AW191319

€346 6 EST 1,3-glucanase (Glcl) AW191346

e348 6 EST GTP-binding protein AW191348

€310 7 EST Laccase AW191310

€330a 7 EST New AW191330

COMT 7 Gene Caffeate O-methyltransferase This paper, Table 2

e370a 7 EST S-adenosyl-L-methionine synthetase (SAMS) AW191370

e365 7 EST Methionine synthase AW191365

e345a 8 EST New AW191345

ECS1 8 Gene Cellulose synthase homol og S. Southerton, unpublished

e353 8 EST S. cerevisiae EMP70 protein precursor (Homo) AW191353

e351 8 EST Calcineurin B-like protein AW191351

AGE2 9 Gene Agamous homolog 2 Harcourt et al. 1995

€345b 9 EST New AW191345

CCR 10 Gene Cinnamoy| Coenzyme A reductase This paper, Table 2

e360b 10 EST Xyloglucan endotransferase (XET) AW191360

e358 10 EST Elongation factor-1 alpha (Tef S1) gene AW191358

MsaS2 11 Gene S-adenosyl-homocysteine hydrolase Abrahams et al. 1995

aEST loci are designated by lower case “€” followed by the last
three digits of the GenBank accession number

b EST loci sequence homology provided by G. Bossinger. Other
locus sequence homology identified by referenced source

overnight rather than vacuum-blotted. RFLP probes were prepared
by the PCR amplification of inserts and purified using QIAquick
spin columns. RFLP procedures followed Byrne et al. (1994) with
the exception of the heterologous S-adenosyl homocysteine hydro-
lase probe from M. sativa, which was hybridised at 55°C. The par-
ents of the pedigree were screened to identify polymorphic loci,
and the progeny were screened with 55 cDNA, 88 gDNA, 24 EST
and 14 gene probes.

Microsatellite procedures

The progeny were assayed at eight microsatellite loci from E.
nitens (Byrne et al. 1996, http://www.ffp.csiro.au/tigr/molecular/

CEST loci GenBank accession number provided by G. Bossinger
d New sequences show no significant homology to database se-
quences

eucmsps.html), three loci from Eucalyptus sieberi (Glaubitz et al.
1999, 2001), 26 loci of E. globulus (http://www.ffp.csiro.au/tigr/
molecular/eucmsps.html) and three loci from E. grandis (Brondani
et a. 1998). Microsatellite loci are designated by a species
identifier (En, Es, Eg and Embra), followed by a unique number.
Seven microsatellite loci were detected by polyacrylamide
gel-electrophoresis and 33 were detected by ABI fragment length
analysis.

Isozyme procedures

The mapping parents were assessed for variation in 14 enzyme
systems following the procedures in Byrne et a. (1995). Segrega-
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Table 2 Eucalypt lignin gene-primer sequences and source-database sequences used in multiple alignment and primer design

Lignin
genea

Forward primer (5' to 3')

Reverse primer (5' to 3')

Species, sequence source, and
GenBank Accession number

PAL CACATTTTGGATGGAAGCG

CCoAOMT  GAGGAGAGCCAGACCCAAG

CCR CTCGAGCGAGGCTACACC

COMT GACAAAATCCTCATGGAAAGC

4CLb GGIATGACIGARGCIGGICC

TCGTACTGGACTCGAACGC

CAAGAATAGGCAAAGCAGGG

CCAAGACAAGGACGTGGG

AGTGCCACCTCCGACATC

AAIGCIACIGGIACYTCICC

Eucalyptus globulus, mRNA, AF167487
Populus kitakamiensis, gene 1, D30657
Populus kitakamiensis, gene 2, D43802

Eucalyptus globulus, mRNA, AF046122
Eucalyptus gunnii, mRNA, Y 12228
Populus trichocarpa, gene 1, AJ223621
Populus trichocarpa, gene 2, AJ223620
Petroselinum crispum, gene, 254183

Eucalyptus gunnii, mRNA, X79566
Eucalyptus gunnii, gene, X97433
Populus trichocarpa, gene, AJ224986

Eucalyptus gunnii, mRNA, X74814
Populus tremuloides, gene 1, U13171
Populus kitakamiensis, gene 1, D49710

Populus balsamiferaxP. deltoides,

mRNA 1, AF008184
Populus balsamiferaxP. deltoides,

mRNA 2, AF008183
Petroselinum crispum, mRNA 2, X13325
Petroselinum crispum, mRNA 1, X13324
Populus tremuloides, mMRNA 1, AF041049
Populus tremuloides, mRNA 2, AF041050
Solanum tuberosum, gene, M62755
Pinus taeda, gene 2, U39404
Pinus taeda, gene 1, U39405
Oryza sativa, gene, X52623

aSee text for enzyme name
b Degenerate primers: | inosine, R purine, Y pyrimidine

tion of the progeny was assessed for the five enzyme systems that
were polymorphic: malate dehydrogenase (MDH, EC 1.1.1.37),
uridine diphosphogluconoic pyrophosphatase (UGP, EC 2.7.7.9),
glucose phosphate isomerase (GPI, EC 5.3.1.9), phosphogluconate
dehydrogenase (PGD, EC 1.1.1.44), and aspartate aminotransfer-
ase (AAT, EC 2.6.1.1).

Linkage analysis

All loci were scored independently by at |least two people, and the
segregation of loci was tested for goodness of fit to expected Men-
delian segregation ratios using the chi-square test. The type of seg-
regation was determined for each locus, and loci were separated
into male and female segregation datasets as described in Byrne et
al. (1995). Linkage analysis was conducted on male and female
datasets independently using Joinmap 2.0, which is able to inte-
grate the segregation data of various types and recombination esti-
mates from various sources into a single map (Stam 1993; Stam
and van Ooijen 1995). Male and female datasets were then com-
bined and analysed to produce the integrated map. Parental map-
ping analyses were used to identify genotyping errors, and check
linkage groups and marker order in the integrated map. Linkage
groups were assigned with a minimum LOD threshold of 4.0 (fe-
male dataset) or 4.5 (male and combined datasets). Loci that were
completely linked were identified and the less informative locus
(or loci) was removed from the combined dataset prior to deter-
mining the marker order within groups. These loci were later in-
cluded in the combined map at the position of the mapped loci to
which they were linked.

Within linkage groups, marker order was determined with the
following JoinmAP 2.0 mapping module parameters. a minimum

LOD threshold of 0.5, a maximum recombination threshold of
0.45 and a chi-square jump threshold of 3. These parameter
settings are within ranges recommended by the JoinmaP 2.0 manu-
a. JOINMAP uses a least-squares approach to sequentialy build a
map, evaluating markers from pairwise data (Stam 1993). The
minimum LOD threshold, in combination with the maximum re-
combination threshold, restricts the inclusion of markers into cal-
culations for marker-order “goodness of fit.” Minimum LOD val-
ues of 0.01 are relaxed whereas values of 2.0 are “solid.” These
LOD thresholds are not directly comparable to overall marker-
order LOD values from multilocus map programs such as Map-
maker (Lander et a. 1987). The chi-square jump threshold limits
the allowable increase in marker-order “goodness of fit” after the
addition of a particular marker. A low jump threshold (e.g. 3)
identifies “troublesome” markers with greater stringency, whereas
a higher chi-square jump threshold (e.g. 5) allows a marker that
causes a larger jump in the marker-order “goodness of fit” to be
automatically included in the map. Kosambi’s mapping function
(Kosambi 1944) was used to determine the distance between
markers. Marker order was checked by comparing the combined
map with the male and female maps. Marker order was also evalu-
ated by determining if recombination rates among common and
male or female segregation markers were roughly additive. If
marker order was consistent among maps and the combined map
was constructed without relaxing the above parameters, then the
final order was accepted. Loci that caused chi-square jumps great-
er than 3 were checked for genotyping errors and corrected or
removed from analysis. The “fixed order” option was used to help
reduce chi-square jumps in linkage groups 2, 4, 6, 8, 9 and 11.
Loci segregating in both parents were used to establish a “fixed
order.” The order within linkage groups was accepted if the mean
chi-square for all loci was less than 1.
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Marker type RFLP Microsatellite Isozyme Total (%)
(39)2 (5P

Segregation cDNA gDNA EST Gene
type (55)° (88)° (24)2 (14)2
Male-2 alleles 31 34 11 6 9 2 93 (38)
Female—2 alleles 17 19 7 4 7 2 56 (22)
Both -2 alleles 1 1 2(2)
Both—3 or 4 dleles 16 41 12 4 24 1 98 (39)
Total loci 65 94 31 14 40 5 249

aNumber of primer pairsused b Number of enzyme systems used

Results
Inheritance of markers

All loci placed on the E. globulus map are codominant.
One hundred and eighty one RFLP probes (55 cDNAS,
88 gDNAS, 24 ESTs, 14 genes), 39 microsatellite PCR
primer pairs and five isozymes were screened, and 249
loci were analysed (Table 3). Only two loci (c238 and
c069c) departed from expected Mendelian segregation
ratios at a chi-square probability value of 0.01. These
two loci were not excluded from the analysis because for
249 loci at a=0.01, two loci would be expected to be dis-
torted by chance. The number of loci detected by each
marker type and each segregation type are summarized
in Table 3. For each marker type, departure from the
distribution of all loci into the various segregation types
(totals column) was tested using a chi square test for in-
dependence with a=0.05. There were significant differ-
ences between the distribution of all loci into segregation
types and the distributions of microsatellite (p<0.0001)
and cDNA (p <0.01) loci. Microsatellite primers detect-
ed the greatest number of fully informative loci (60%),
and almost half of the cDNA loci (48%) segregated in
the male parent only. The distributions of gDNA, gene
and EST loci into segregation types were not signifi-
cantly different from the overall distribution. The distri-
bution of isozyme loci was not tested due to the small
sample size. In all, 39% of the loci detected three or
more alleles and these loci provided the framework for
combining the two parental maps into the E. globulus

map.

Linkage analysis

Two hundred and forty nine loci were mapped into 11
major linkage groups and a 12th small linkage group,
which contained three loci segregating in the male parent
only (Fig. 1). Lengths of the 11 major linkage groups
ranged from 90 cM to 167 cM, with an average size of
124 cM (n=11 in eucalypts, Eldridge et a. 1993). The
number of loci per major linkage group varied from 35
(groupl) to 15 (group 11). Six gaps on the E. globulus
map were 20 cM or more in length. The largest distance

¢ Number of probes used

between markers was 27 cM on linkage group 9. Twenty
two loci had the same map position as other mapped
loci. Most share the same position with only one other
marker, athough in a few cases more than two loci
mapped to the same position (e.g. at 167 cM on linkage
group 1). Total map distance was 1375 cM with an aver-
age interval of 6 cM based on the 227 loci that mapped
to unique positions.

One hundred and thirty five RFLP probes used to de-
tect loci on the E. globulus map were also used on the
E. nitens map (Byrne et al. 1995). Of these probes, 122
(90%) detect loci that appear syntenic to E. nitens loci,
based on linkage group, marker order and distance be-
tween markers. Fifty nine RFLP probes have also been
mapped in Eucalyptus marginata (Moran, unpublished
data), and 51 (86%) detect apparent syntenic loci in
E. globulus. Linkage groups were assigned the same
numbers as in the E. nitens map (see Byrne et a. 1995)
based on these shared markers. The similar grouping of
loci, among species and between the male and female
E. globulus maps, lends a high degree of confidence to
the assignment of loci to the linkage groups.

The individua female and male maps that were
merged to produce the integrated map were 1262 and
1353 cM in total length respectively. More loci segregat-
ed in the male parent than in the female parent (193 vs
156). However, there was no significant difference in the
male and female rate of recombination among consecu-
tive pairs of fully informative loci (paired t-test,
0=0.05). The difference in map-length estimates for the
parents was primarily due to addition of loci segregating
in the male parent only at the top of linkage group 1
(11 cM), the bottom of linkage group 5 (25 cM), the top
of linkage group 9 (48 cM), and all of linkage group 12
(12 cM). This 12th linkage group should merge with an-
other linkage group when more linked loci are identified,
probably linkage group 6 based on the map of E. nitens.

There were forty one loci corresponding to known
proteins (five isozymes) and sequences of known or hy-
pothesised function (14 genes and 22 cambium-specific
ESTs) on the E. globulus map (Table 1). Some of the
EST loci are also associated with lignin or cell-wall syn-
thesis, e.g. laccase (locus €310) and xyloglucan endo-
transferase (loci e360a and €360b). There was little
evidence that genes encoding enzymes in the same or re-
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Fig. 1 Genetic linkage map of E. globulus. Marker identification Discussion

is given to the right of the bars; cumulative distance (in Kosambi
cM) of markers along groups is indicated to the left of the bars.
Microsatellite markers are in italics and designated by the prefix
“Eg”, “En”, “ES’ or “Embra’ followed by an identifying number.
Isozyme markers are in bold italics. Candidate gene markers are
underlined. EST, gDNA and cDNA markers are designated by the
prefix “e”, “g” and “c” respectively, followed by the identifying
number. Multiple loci from the same hybridising probe are indi-
cated by lower case letters following the marker identification.
Loci that correspond to sequences with known or hypothesised
function arein bold

lated biochemical pathways mapped together. The five
gene loci of the lignin pathway mapped to different link-
age groups and similarly the two xylan synthase loci
mapped to linkage groups 5 and 6. Two flowering genes,
AGE1 and ELF1, mapped to linkage group 3 but were
essentially unlinked (49 cM apart). The five isozyme loci
mapped to linkage groups 1, 5, 6 (two loci, 98 cM apart)
and 8. The distribution of microsatellite loci was reason-
ably even among linkage groups with the number on
each group corresponding approximately to the length of
the groups, with the exception of linkage group 9 which
has only one microsatellite locus.

Construction of an integrated genetic map in an outbred
pedigree relies on the number and distribution of fully
informative codominant markers (Byrne et al. 1995). All
markers on the E. globulus map are codominant, and the
fully informative loci are well-spaced across linkage
groups. Thirty six percent of the RFLP loci mapped in
E. globulus detect three or more alleles. Thisis similar to
the numbers reported for the E. nitens mapping pedigree,
where 33% (67/210) of the RFLP loci detect three or
more aleles (Byrne et al. 1995). The percentage of
microsatellite loci which are fully informative in the
E. globulus intraspecific mapping pedigree (60%) is less
than that found in the E. grandis and E. urophylla inter-
specific mapping pedigree (80%; Brondani et al. 1998).
This difference is probably due to an increased number
of alleles detectable at a particular locus in the inter-
specific cross as compared to the intraspecific cross.

The total map distance for E. globulus reported in this
paper (1375 cM) is comparable to the 1462 cM reported
for the E. nitens integrated map (Byrne et al. 1995). Both
maps were constructed using similar methods and
markers (RFLPs). However, the E. nitens map has 80
more mapped loci than the E. globulus map, primarily
from the addition of RAPD loci. RAPD loci extend the
E. nitens map by a tota of 57 cM on three linkage
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Table 4 Comparison of observed map lengths for linkage maps developed in Eucalyptus

Species Number of Number of Observed map Reference
markers linkage groups® length (cM)P
E. grandis 240 RAPD 14 1551 (female) Grattapaglia and Sederoff 1994
E. urophylla 251 RAPD 11 1101 (male) As above
E. nitens 210 RFLP 12 1462 (integrated) Byrne et a. 1995
125 RAPD
4 |sozyme
E. grandis 236 RAPD 11 1415 (male) Verhaegen and Plomion 1996
E. urophylla 269 RAPD 11 1331 (female) As above
E. tereticormis 268 AFLP 14 919 (female) Marques et a. 1998
E. globulus 200 AFLP 16 967 (male) As above
E. globulus 365 AFLP 11 1309 (male) Myburg et a. 2000
E. globulus 204 RFLP 12 1375 (integrated) This paper
40 SSR
5 Isozyme

aHaploid chromosome number=11 in Eucalyptus P Kosambi’s mapping function

groups (7, 10 and 12). Other reported map distances for
eucalypts are summarized in Table 4. For E. globulus,
the 1375-cM distance reported in this study is compara-
ble to the 1309-cM reported by Myburg et a. (2000).
These two E. globulus map distances are greater than the
967-cM reported by Marques et al. (1998). The differ-
ence among E. globulus map distances may be due to the
number of loci mapped to unique positions (120 frame-
work, Marques et al. 1998; 168 framework, Myburg
et a. 2000; 227, this study) and the coalescing of
mapped loci into a minimum number of linkage groups,
rather than any difference due to marker type. Based on
a genome estimate of 530 Mbp/1 C for E. globulus
(Grattapaglia and Bradshaw 1994), and the map distance
obtained in this study (1375 cM), one centimorgan is
approximately equivalent to 385 kbp.

Comparative map studies rely on a set of common,
transferable markers that segregate in the species or ped-
igrees of interest. The Mdh-2 locus on group 1 and the
Pgd-1 locus on group 5 (Fig. 1) mapped to the same po-
sitions in E. nitens (Byrne et al. 1995). No linkage be-
tween isozyme loci has been detected in the pedigrees
from either E. globulus or E. nitens. The gDNA and
cDNA markers used in this map were also used to gener-
ate the E. nitens map, and a high degree of synteny
was observed between the two species. Other published
eucalypt linkage maps have used different markers
(RAPDs and AFLPs, Table 4) and direct comparisons
between these maps over many loci and all linkage
groups are not possible. Microsatellites, known genes,
and identified ESTs present an opportunity to make ini-
tial comparisons among linkage maps.

Three EMBRA microsatellite loci (Brondani et al.
1998) are mapped in this study. Although each micro-
satellite locus is on a different linkage group (Fig. 1
and Brondani et al. 1998), the positions of two of the
three loci within linkage groups are similar among the
maps. Embra5 maps to the end of linkage group 5 in
E. grandis and E. urophylla, and to the end of linkage
group 9 in E. globulus. Embraé maps to the centre of
linkage group 1 in E. grandis and E. urophylla, and to

the top third of linkage group 7 in E. globulus. The
third locus, Embra2, that was not mapped in E. uro-
phylla, maps to the centre third of linkage group 11 in
E. grandis and to the bottom fifth of linkage group 3 in
E. globulus.

Five lignin genes mapped in this study were aso
mapped by Gion et al. (2000) on a E. urophyllax
E. grandis linkage map which incorporated the single-
strand conformational polymorphism gene markers with
previously mapped RAPD markers (Verhaegen and
Plomion 1996). Comparison between the two Eucalyptus
maps based on these genes is limited because only one
gene per linkage group is in common. However, based
on the relative position of the lignin gene within a
linkage group the following tentative comparisons may
be made: linkage groups 7 (COMT1 and COMT?2), 10
(CCoAOMT) and 11 (4CL) of the hybrid eucalypt map
may correspond to linkage groups 7 (COMT), 2
(CCoAOMT) and 3 (4CL) of this E. globulus map. Ten-
tative comparisons based on PAL and CCR are not possi-
ble since these loci map to the same linkage group in the
hybrid map (group 6) and on different linkage groups in
the E. globulus map (group 4 and group 10). CCR maps
to the end of each linkage group, and PAL maps to the
centre of each linkage group. PAL gene families are
known in trees such as Populus (Subramaniam et al.
1993) and pines (Butland et al. 1998), and in other plants
such as sunflower (three loci, Gentzhittel et al. 1999),
wheat (four loci, Li et al. 1999) and maize (two loci,
Davis et a. 1999). It may be possible that a PAL gene
family exists in the Eucalyptus genome and that different
PAL loci were assayed in the E. urophyllaxE grandis
map and the E. globulus map reported here. Southern-
blot analysis indicated at least two PAL genes in the
E. globulus genome (data not shown); however, only one
locus was polymorphic in the mapping pedigree. Alter-
natively, there may be chromosomal rearrangements be-
tween these species.

In other tree genera, known genes have been located
on genetic linkage maps of Douglas-fir (Jermstad et al.
1998) and a Populus hybrid (Bradshaw et al. 1994). Un-
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fortunately, these genes cannot be used to make compari-
sons between maps of these genera since none of the
genes identified on the Douglas-fir map are similar to
those mapped in this paper, and there is only one genein
common between the Populus and Eucalyptus maps,
phenylalanine ammonia-lyase (PAL). The recent increase
in sequencing of previously mapped cDNAs and the
mapping of ESTs will provide more loci for a compari-
son of maps in different species and genera. Databases
of identified ESTs in hybrid aspen (http://www.biochem.
kth.se/PopulusDB/) and pine cDNAs (http://www.cbc.
med.umn.edu/ResearchProjects/Pine/| FG.loblolly/index.
html) that have been mapped and sequenced are estab-
lished on the World Wide Web. In particular, the [oblolly
pine-EST project aims to combine linkage mapping,
QTL mapping and sequence information to identify
genes that determine wood properties (Neale et a. 1994).

In this paper, we report a linkage map for E. globulus
containing lignin, cell-wall and floral genes and cambi-
um-specific ESTs that will be used for the QTL mapping
of wood, fibre, and floral traits. The map is based on the
segregation of codominant loci that are transferable to
other eucalypt species and provides a basis for investi-
gating genome organization and evolution in the genus.
In the future, mapping of more known genes will allow a
comparison of genome organization in eucalypts to that
of other plant genera and, in particular, identify synteny
with model species such as Arabidopsis.
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