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Abstract We report on the development, genetic
characterization and linkage mapping of a battery of
SSR (simple sequence repeat) loci in Eucalyptus grandis
and E. urophylla. This study reveals the abundance of
SSRs in Eucalyptus, the very high information content
of these markers for mapping and individual identifica-
tion, and demonstrates the feasibility of constructing
a comprehensive microsatellite-based linkage map for
Eucalyptus. Primer sequence for a set of 20 highly
informative EMBRA (Eucalyptus microsatellites from
Brazil) loci are made available together with their map
position and estimates of the expected heterozygosity
and allele size range in these two species. Using geno-
mic library enrichment and anchored-PCR screening
prior to sequencing, the efficiency of SSR marker locus
development was 63% from sequencing data to opera-
tionally useful SSR loci. Absolute transportability be-
tween the two species and very high levels of allelic
variability and expected heterozygosity (H) were seen
at all SSR loci surveyed. The number of alleles per locus
ranged from 9 to 26 with an average of 16.3$4.8. The
average H of 15 loci was 0.86$0.04, 0.83$0.08 and
0.89$0.04, respectively, for E. urophylla, E. grandis
and the combined two-species estimate. In the mapping
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analysis 16 out of 20 marker loci segregated in a
fully informative configuration, allowing the deter-
mination of synteny of six homologous linkage groups
between the two species. The availability of transport-
able, multiallelic, PCR-based co-dominant SSR loci
represents a dramatic improvement in our abil-
ity to carry out detailed population genetic analysis
and to search, understand, and manipulate allelic vari-
ation at QTLs (quantitative trait loci) in species of
Eucalyptus.

Key words Simple sequence repeats (SSRs) ·
Microsatellite · Linkage map · Eucalyptus grandis ·
E. urophylla

Introduction

The development of high-resolution linkage maps
based on sets of highly informative simple sequence
repeats (SSR) or microsatellite-based markers has revo-
lutionized mammalian genetic analysis (e.g., Dib et al.
1996; Dietrich et al. 1996). The same trend is expected
for plants, since the occurrence, properties and map
position of SSR loci for several crop and tree species
have been reported in a number of studies in recent
years, both from library and electronic database screen-
ing (reviewed by Powell et al. 1996).

Microsatellites are very attractive to plant geneticists
as they combine several features of the ultimate marker:
(1) they are typically co-dominant and multiallelic
with an expected heterozygosity frequently above 0.7;
(2) they are highly polymorphic allowing precise dis-
crimination even of closely related individuals; (3) they
are abundant and uniformly dispersed in plant
genomes; (4) they can be efficiently analyzed by a rapid
and simple PCR assay; (5) SSR marker genotyping can
be semi-automated in multiplex assays using fluore-
scence-labeled primers; and (6) marker informa-
tion based on primer sequences, may be easily shared



between laboratories improving cooperative efforts in
research and development. Furthermore, microsatellite
markers are transportable across pedigrees, popula-
tions, and frequently across genetically related species
of the same genus.

One of the first reports describing the presence of
microsatellites in plant genomes was in forest trees
(Conditt and Hubbell 1991). Since then, the occur-
rence and characteristics of nuclear microsatellites
has been reported in several forest-tree species such
as Pinus radiata (Smith and Devey 1994), Quercus
macrocarpa (Dow et al. 1995), Pinus sylvestris (Kostia
et al. 1995), Picea sitchensis (van de Ven 1996),
Pinus strobus (Echt et al. 1996), Pithecellobium elegans
(Chase et al. 1996) and Swietenia humilis (White and
Powell 1997). All these studies, however, resulted in the
development of only a small number of markers, typi-
cally less than ten. In Eucalyptus nitens the develop-
ment of four microsatellite markers was reported, but
surprisingly the primer sequences were not published
(Byrne et al. 1996). With the exception of two SSR-
based markers mapped in Pinus radiata (Devey et al.
1996), the generation of linkage information for SSR-
based markers in trees has not been contemplated
to-date.

The development of SSR-based markers has become
increasingly accessible in recent years mainly due to
novel library enrichment strategies and rapid fluore-
scence-based automatic sequencing technologies (re-
viewed by Powell et al. 1996). Particularly for the
genetic analysis of highly heterozygous forest-tree
species, the availability of linkage maps based on trans-
portable PCR-based co-dominant multiallelic markers
will become increasingly crucial as one moves from
descriptive QTL mapping to effective use of QTL
information for selective breeding. Applications of
SSR-based markers in tree breeding will range from
genotype identification and genetic management of
breeding populations, QTL-allele tagging, comparative
QTL mapping and gene-flow studies for transgenic tree
deployment. We expect to use SSR-based markers not
as the sole marker system, but rather in combination
with RAPD and AFLP technologies depending on the
objectives of the study.

As part of our program to incorporate genomic
genetics in Eucalyptus breeding and germplasm man-
agement, we are currently developing a large battery of
informative microsatellite markers. The objectives of
the present study were: (1) to establish the presence,
abundance and characteristics of two classes of dinuc-
leotides repeats (AG/TC and AC/TG) in two Euca-
lyptus species; (2) to develop and characterize the
genetic information content of an initial set of SSR
marker loci based on such repeats; and (3) to map this
set of SSR loci on existing RAPD framework linkage
maps to demonstrate the feasibility of constructing
a comprehensive reference microsatellite-based linkage
map for Eucalyptus.

Materials and methods

Genetic material

Two selected genotypes of E. grandis (Coffs Harbour provenance)
and E. urophylla (Timor provenance) from the germplasm collection
of EMBRAPA were used to develop the libraries enriched for (AG)

n
and (AC)

n
dinucleotides. Genetic mapping of the SSR loci was

carried out on a population of 94 F
1
individuals derived from a cross

between E. grandis G44 and E. urophylla URO28. Genomic DNA
was extracted from parents and progeny individuals as described
earlier (Grattapaglia and Sederoff 1994).

Southern analysis with SSR probes

DNA from a single individual of E. grandis was digested with
five different restriction enzymes, Hinf I, MseI, ¹sp509I, RsaI and
Sau3AI, according to the manufacturer’s instructions, electro-
phoresed in 1.5% agarose gels and blotted onto a nylon membrane.
Oligonucleotide probes, complementary to simple-sequence repeats
of poly (dA-dC) and poly (dA-dG) were labeled with 32P. Mem-
branes were pre-hybridized and hybridized to the probe in the same
solution at the appropriate temperature, followed by stringent
washes and exposure to autoradiography.

SSR-enriched genomic libraries construction

Genomic library construction was carried out following previously
developed and optimized protocols (Rafalski et al. 1996; Taramino
and Tingey 1996; White and Powell 1997). Genomic DNA was
digested with MseI, and fragments in the range of 280—600bp were
recovered on a DEAE-cellulose/NA-45 membrane via electropho-
resis. Fragments were ligated to adaptors at the MseI restriction site.
Positive clones containing SSRs were selected by hybridization with
biotinilated-oligonucleotides complementary to the repetitive se-
quence AG/CT or AC/GT, and recovered by magnetic beads linked
to streptavidine. Fragments were amplified by PCR and cloned into
phage Lambda ZapII (Stratagene).

Selection and sequencing of positive clones and primer design

Lambda Zap libraries were screened by lifting plaques onto nylon
membranes and hybridizing them to random-primed 32P-labeled
poly (dA-dC) or poly (dA-dG) probes, respectively, for (AC)

n
or

(AG)
n
repeats. Plaques containing the respective SSR were identified

by autoradiography. Positive clones were transferred to 96-well
plates for plasmid excision. The presence of the SSR and its position
within the cloned insert was determined by an anchored-PCR
screening strategy (Taylor et al. 1992; Rafalski et al. 1996). Sub-
sequent agarose-gel analysis revealed clones containing SSR inserts
and the direction within the vector from which they were to be
sequenced. After in vivo excision of the pBluescript plasmid from
Lambda Zap and the preparation of plasmid DNA (Wizard Min-
ipreps, Promega), double-stranded miniprep DNAs were sequenced
on an Applied Biosystems 377 instrument using dye-terminator
fluorescent chemistry (Applied Biosystems Incorporated). Primer
pairs complementary to sequences flanking the repeat element were
designed using a modification (M. Hanafey, unpublished software)
of the Primer program (Lincoln et al. 1991). To reduce problems
with spurious banding patterns generated during amplification, to
allow the use of all primer pairs under the same PCR conditions, and
to develop single-reaction multiplex systems, two stringent criteria
in primer design were employed: (1) a primer Tm range from 52°C to
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58°C; and (2) a maximum of 3°C difference in Tm between primers
in a pair. Primers were synthesized by Operon Technologies Incor-
porated (Alameda, California).

PCR amplification of SSR loci

Microsatellite-marker amplification was performed in 96-well
V bottom plates in a 13-ll reaction volume containing 0.3lM of
each primer, 1 unit of ¹aq DNA polymerase, 0.2 mM of each dNTP,
10mM Tris-HCl pH 8.3, 50 mM KCl, 1.5 mM MgCl

2
, DMSO

(50%), and 7.5 ng of template DNA. Amplifications were performed
using a MJ Research PT-100 thermal controller with the following
conditions: 96°C for 2 min, then 29 cycles of 94°C for 1min, 56°C for
1min and 72°C for 1 min; and a final elongation step at 72°C for
7min. Inheritance, segregation and mapping was carried out in
a 3.5% Metaphor agarose (FMC Bioproducts) gel containing
0.1 lg/ml of ethidium bromide in 1]TBE buffer (89mM Tris-bor-
ate, 2mM EDTA pH 8.3). Submarine electrophoresis was carried
out at 120V for 2 h in custom-made gel boxes that contained 96
samples per gel.

Inheritance, segregation and mapping of SSR marker loci

A progeny set of 94 F
1

individuals used earlier to construct linkage
maps based on RAPD markers (Grattapaglia and Sederoff 1994)
was employed for inheritance, segregation and mapping analyses of
the SSR loci. SSR marker loci were identified by the acronym
EMBRA, which stands for Eucalyptus microsatellite from Brazil,
followed by a sequential number. SSR markers were localized on
existing framework linkage groups of RAPD markers constructed at
a likelihood support of 1000 : 1. Multipoint linkage analysis was
carried out using MapMakerTM (Lander et al. 1987) version 2.0 for
Mac. As the RAPD framework maps were constructed under
a pseudo-testcross design, linkage analysis of the SSR markers was
done for each parental data set separately. Since the MapMakerTM
model assumes that all markers are in coupling phase it does not
recognize linkages for markers in repulsion. To allow for the detec-
tion of linkage of SSR markers to RAPD markers in any linkage
phase, the data set to be entered into MapMakerTM had to be
duplicated and re-coded. Therefore, for each SSR locus the two
alleles from a heterozygous parent were coded 1 and 2 and vice
versa. A co-segregation analysis of these data was then carried out
with the RAPD-marker data set for that same parent. To map the
same SSR locus on the second parental linkage map, the other two
alleles from the second heterozygous parent were again coded 1 and
2, and vice versa, and a co-segregation analysis of these data was
then carried out with the RAPD-marker data set for the second
parent. Thus, when the same SSR locus was identified in both
genetic maps it allowed the prompt alignment of linkage groups of
the two Eucalyptus species. Markers could be mapped on both
parental maps when they were in a fully informative configuration,
i.e., both parents heterozygous and at least three different alleles
segregating in the mating configuration so that four different
progeny genotypes could be identified. When only one of the parents
was heterozygous, the SSR marker could only be mapped on one of
the maps, namely the one for the heterozygous parent.

Polymorphism analysis of SSR loci

A subset of 15 SSR loci was characterized for genetic information
content by genotyping 32 randomly chosen adult individual trees
from a germplasm bank with no history of selection, 16 from
E. grandis and 16 from E. urophylla. PCR products were separated
on 6% denaturing polyacrylamide gels in 7 M urea and 1]TBE
buffer, visualized by silver staining (Bassam et al. 1991) and sized by

comparison to a 10-bp ladder (BRL) standard. The number and
frequency of alleles observed in each species, the observed hetero-
zygosity and the expected heterozygosity estimates (H), defined as
H"1!&(p

1
)2, where p

1
is the frequency of the i5) allele in the

population sample studied, were determined for the group of 15 loci
characterized. Average expected heterozygosity as defined by H

!7
"

&H
n
/n, where n is the total number of loci, was also estimated.

Separate analyses were carried out for the two Eucalyptus species
and estimates were also obtained for the two species combined.

Results

Abundance of microsatellite in the Eucalyptus genome

Digestion of E. grandis DNA with different restriction
enzymes revealed that MseI produced the most ad-
equate digestion profile for library construction, with
a range of fragments between 200 and 800 bp. Genome
Southern screening with poly (dA-dC) and poly
(dA-dG) dinucleotide repeat probes revealed that in
Eucalyptus, as in several other plant species surveyed
to-date, AG repeats are more frequent than AC repeats.
Furthermore, both (AG)

n
and (AC)

n
repeats appear to

be well dispersed throughout the genome as an intense
hybridization signal was seen in a wide range of frag-
ment size.

SSR-enriched libraries

A total of seven libraries were constructed, five
enriched for AG, three for E. grandis and two for E.
urophylla, and two for AC, one for each species. Libra-
ries had an average insert size of 500 bp, therefore
facilitating later single-pass sequencing. Plaque hybri-
dizations showed that the enrichment step yielded be-
tween 10 and 40% of clones containing a SSR, the
percentage varying with the library. Out of 960 positive
clones screened by anchored-PCR, 714 had a SSR and
of these, 490 had an SSR of adequate size and position
in the cloned insert. In other words the efficiency was
74% for the recovery of clones containing a SSR and
51% for the recovery of clones with a SSR that was
positioned far away from both cloning sites so that
enough DNA on both sides of the SSR would be later
available for primer design. A total of 207 anchored-
PCR selected (AG)

n
clones were sequenced, resulting in

180 useful sequences (87%) for designing primers. The
remainder included 12 (6%) redundant sequences and
15 sequences that would only allow the design of one
primer requiring reverse sequencing (7%) to become
usable. No primers were designed for (AC)

n
clones.

Sequence characterization of SSRs

SSRs can be classified as perfect, imperfect or com-
pound (Weber 1990). Sequencing of clones containing
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(AG)
n

repeats showed a distinct predominance (81%)
of perfect repeats (no interruption in the dinucleotide
repeat sequence). Clones containing (AC)

n
showed ap-

proximately the same proportion of perfect and com-
pound repeats. The compound sequences consisted of
classes of di, tri- and tetra-nucleotide repeats alternat-
ing with (AC)

n
repeats. Imperfect repeat sequences were

relatively rare (around 15%) for both types of repeat
(Fig. 1A). Microsatellite length was defined by the
longer run of uninterrupted repeats. Although a greater
number of (AG)

n
-containing clones (207) were se-

quenced when compared to the number of (AC)
n
clones

(80), the majority of sequences, both for AC and AG
repeats, had a length range between 11 and 30 dinuc-
leotide repeat units. The (AG)

n
repeats, however, were

more evenly distributed in size with a length ranging
from 6 to 45 units (Fig. 1B). The average number of
dinucleotide repeats was relatively similar for the two
motifs, 23.3$7.1 for (AG)

n
and 19$4.8 for (AC)

n
.

Primer screening, inheritance and mapping
of SSR loci

Using a single PCR program, from the 180 pairs of
primers designed and tested, 63 (35%) pairs amplified
very clean and easily interpretable PCR products; 67
(37%) amplified clearly interpretable PCR products
but also showed some non-specific amplification of
secondary bands; and 28% either did not amplify any
product or resulted in a smear of bands that could not
be interpreted. For this last group of primer pairs
further optimization of the reaction conditions could
be pursued. From the 63 primer pairs that amplified
clearly interpretable products, 20 were selected at
random to verify the inheritance and segregation of the
locus in the F

1
progeny set and map their position

(Table 1). These pairs amplified markers that showed
Mendelian inheritance, segregated in the mapping
population, and could easily be interpreted in Meta-
phor agarose gels (Fig. 2). Of the 20 SSR loci tested, 19
of them were heterozygous and therefore segregated in
the female parent (E. grandis), 17 were heterozygous
and segregated in E. urophylla, and 16 segregated in
both parents. The observed segregation data in agarose
was checked in polyacrylamide gels, confirming the
non-informative homozygous genotypes for locus
EMBRA7 in E. grandis and loci EMBRA2, EMBRA8
and EMBRA20 in E. urophylla.

Linkage mapping of SSR marker loci

Although parents were homozygous for some loci, all
20 randomly chosen SSR marker loci were polymor-
phic between the two parents and there was no locus
where both parents were homozygous. Therefore all 20
SSR loci could be readily mapped onto existing RAPD

Fig. 1A, B Sequence characteristics of AC and AG SSRs in Euca-
lyptus. A Frequency distribution of different classes of repeats;
B length distribution in the number of dinucleotide repeat units.
Results based on sequencing data from 207 AG clones and 80 AC
clones

linkage maps for the two parents constructed earlier by
a pseudo-testcross strategy (Grattapaglia and Sederoff
1994). With the exception of locus EMBRA9, with
a LOD score of 2.44, LOD scores for map position
were high and similar for the E. grandis and E.
urophylla maps (Fig. 3). Sixteen of these marker loci
(80%) were heterozygous in both parents and seg-
regated in a fully informative fashion with three or four
different and clearly interpretable segregating alleles in
agarose gels, generating four distinguishable genotypes
in the F

1
progeny (Fig. 2). Because of the mating

configuration, these marker loci were mapped on both
parental maps allowing the determination of synteny
between homologous linkage groups in the two species
(Fig. 3). Of the remaining four loci, one of them was
mapped only on the E. urophylla map (EMBRA7) and
three only on the E. grandis map (EMBRA2, EMBRA8
and EMBRA20). With no exception, SSR loci that
mapped on the same linkage group in one species also
did so in the other species, further validating the fact
that such loci are homologous SSR loci in the two
species. SSR marker loci were placed on a total of 9 out
of the 11 existing linkage groups (n"11 in Eucalyptus).
Locus order was the same in both species maps with

819



Table 1 SSR locus
denomination, type of repeat,
forward and reverse primer
sequences, primer annealing
temperatures, and the expected
allele size from the sequencing
data for 20 SSR loci in Eucalyptus

SSR locus Repeat Primer sequences Annealing Size
temp. (°C) (bp)

EMBRA1 (AG)
33

5@-gATAgAACTTTCCTATTT gATCg-3@ 56 127
5@-gTAggATTTgATgTCTgCAA-3@

EMBRA2 (AG)
15

5@-CgT gACACCAggACATTAC-3@ 56 121
5@-ACAAATgCA AATTCAAATgA-3@

EMBRA3 (AG)
19

5@-gATCggATTggAggAgAC-3@ 56 123
5@-AATTCAATTCATCCAAAgC-3@

EMBRA4 (AG)
23

5@-ATACAATgATTTgAAAgg gg-3@ 56 64
5@-gAgTTgTTT gTTTTgTCgAA-3@

EMBRA5 (AG)
22

5@-ATgCTggTCCAACTAAgATT-3@ 56 88
5@-TgAgCCTAAAAgCCCAAC-3@

EMBRA6 (AG)
19

5@-AgAgAATTgCTC TTCATggA-3@ 56 98
5@-gAAAAgTCTgCAAAgTCTgC-3@

EMBRA7 (AG)
15

5@-CACACCgTgTCAgTTAgC-3@ 56 115
5@-AATAAg gAggATTCCATgg-3@

EMBRA8 (AG)
21

5@-CACAACTAAAAATCAAAACCC-3@ 56 127
5@-AAAgAgCAgATTATTACAgAAgC-3@

EMBRA9 (AGA)
3
(AG)

28
5@-AgTgAgAgAgATATTCgCgT-3@ 56 94
5@-CCAATACAATCA TCAATCCA-3@

EMBRA10 (CCT)
3
(AG)

14
5@-gTAAAgACATAgTgAAgACATTCC-3@ 56 95
5@-AgACAgTACgTTCTCTAgCTC-3@

EMBRA11 (AG)
4
GG(AG)

13
5@-gCTTAgAATTTgCCTAAACC-3@ 56 97
5@-gTAAAATCCATgggCAAg-3@

EMBRA12 (AG)
22

5@-AggATTTgTggg gCA AgT-3@ 56 98
5@-gTTCCCCATTTT CATgTCC-3@

EMBRA13 (AG)
27

5@-ATTTCCCTAggTTTgACATg-3@ 56 130
5@-TCCAACATCTTACTCAACCA-3@

EMBRA14 (AG)
8
AAC(AG)

25
5@-gCCTCAAACCAATTCAAAT-3@ 56 109
5@-CATgATTCATCCCACTCCTC-3@

EMBRA15 (AG)
21

5@-TTTgTTggA TgAggACTT-3@ 56 66
5@-CAACATgTTCTCCgAAAAg-3@

EMBRA16 (AG)
21

5@-CAACgTTCCCCTTTCTTC-3@ 56 98
5@-ATgTTAggC CAAACCCAg-3@

EMBRA17 (AG)
18

5@-AggATACTCgTg AgAgAAgC-3@ 56 184
5@-gTAgATCTgTTCTgCATgTTg-3@

EMBRA18 (AG)
3
GG(AG)

19
5@-CAgCTAggATgTTAgACTTgg-3@ 56 87
5@-gCACACCTAgAATTTTCAAACTA-3@

EMBRA19 (AG)
23

5@-gACggTTgATTTCCTgATT-3@ 56 124
5@-gTggTgCTCCTCTCCTCT-3@

EMBRA20 (AG)
19

5@-gTgAgTggg TATCCATCg-3@ 56 97
5@-gCTggAACTggT CTTgAg-3@

the exception of two of the 16 loci. Linkage-group
numbering followed the number established earlier for
E. grandis (Grattapaglia et al. 1995), as this species will
be used as the reference species for the construction of
a comprehensive linkage map.

Polymorphism analysis of SSR loci

Absolute transportability of the SSR loci between the
two species and very high levels of allelic variation were
observed (Fig. 4). A similar mean number of alleles at
a SSR locus was found in the two species, 11.8 for E.
urophylla and 11 for E. grandis. On average 40% of the
alleles were shared by the two species. Totalling across
species, the number of alleles varied from a minimum of

nine to a maximum of 26 with a mean of 16.3$4.8.
The allele sizes varied between 65 and 193 bp. Observed
heterozygosity values were in general lower than the
expected values estimated from allele frequencies. The
average observed heterozygosity of 15 loci was
0.59$0.14, 0.56$0.13 and 0.57$0.12, respectively,
for E. urophylla, E. grandis and the combined two-
species estimate (Table 2). Frequencies of all alleles at
all loci were less than 0.3 with a relatively homogene-
ous distribution (data not shown but available upon
request) resulting in very high expected heterozygosi-
ties. In E. urophylla all but one locus, and in E. grandis
all but three loci, had values above 0.8. Combined
estimates for the two species yielded nine loci with
a heterozygosity above 0.9. The average expected hete-
rozygosity of 15 loci was 0.86$0.04, 0.83$0.08 and
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Fig. 2A, B Inheritance and segregation of fully informative SSR loci
in Eucalyptus. Agarose-gel resolution and detection by ethidium-
bromide staining of SSR loci EMBRA4 (panel A) and EMBRA 10
(panel B): lanes 1 and 50 are 1 Kb ladder (BRL) size standards with
the sizes of some fragments indicated in base pairs; lanes 2 and 3 are
the two parents, E. grandis and E. urophylla, followed by 46
F
1

progeny individuals

0.89$0.04, respectively, for E. urophylla, E. grandis
and the combined two-species estimate (Table 2).

Discussion

This study reveals the abundance of SSRs in the Euca-
lyptus genome, determines the very high information
content of these markers for mapping and individual
identification in two species of the genus, and demon-
strates the feasibility of constructing a comprehensive
microsatellite-based linkage map for Eucalyptus.
Primer sequences for a set of 20 highly informative SSR
marker loci are made available together with their map
position and estimates of expected heterozygosity in
two of the most-widely planted eucalypt species in the
world.

Characteristics of microsatellites in Eucalyptus

The frequency of each class of SSR is highly variable
among plant species (Wang et al. 1994). Our results
indicate that both AG and AC repeats appear to be
well-dispersed throughout the genome of E. grandis
and E. uraphylla, although AG repeats were seen to be
more abundant than AC repeats. Based on a limited
sample of 13 SSR-containing clones, Byrne et al. (1996)
also reported that AG repeats were more abundant in
E. nitens. These results demonstrate that in Eucalyptus,
as in the majority of other plant species surveyed to-
date (reviewed by Powell et al. 1996), AG repeats are
more abundant than AC repeats, as distinct from the
reports showing that AC repeats are more frequent in
mammalian genomes (e.g., Weissenbach et al. 1992). In

contrast to Eucalyptus, a recent survey of dinucleot-
ide repeat frequency in pine trees revealed a greater
abundance of AC than AG repeats (Echt and May-
Marquardt 1997). No precise estimate of the fre-
quency of AG and AC SSRs in the Eucalyptus genome
can be made from our experimental work as the devel-
opment of the microsatellite loci was based on
highly enriched libraries. The high efficiency of recov-
ery of SSR-containing clones from genomic libraries
constructed with different restriction enzymes and
the occurrence of two different classes of repeats sug-
gests, however, that a large number of dinucleotide
repeats is available in the Eucalyptus genome for
marker development.

The average number of AG repeats and the predomi-
nance of perfect repeats for this motif in Eucalyptus was
very similar to that found in rice by Chen et al. (1997).
For the AC repeats, an almost equal proportion of
perfect and compound or imperfect repeats was pres-
ent, and the number of repeated motifs was on average
four-times higher for AG sequences than for AC in
Eucalyptus. Similar results were reported in corn, where
despite differences in the structure of the AG and AC
repeats, the number of alleles and the expected hetero-
zygosity were not significantly different between the
two motifs (Taramino and Tingey 1996). In this study,
no primer pairs were tested for AC microsatellite
markers, therefore no direct comparison of the level of
polymorphism can be made between AG and AC
microsatellite loci. No positive relationship was seen in
Eucalyptus between the number of tandemly repeated
AG motifs and the level of polymorphism for this first
set of 20 SSR loci evaluated in a sample of 32 indi-
viduals. Although studies in humans (Weber 1990),
mice (Love et al. 1990) and plants (Bell and Ecker 1994;
Saghai-Maroof et al. 1994) revealed the existence of
a similar relationship, other reports did not find that
such a correlation existed in humans (Valdes et al.
1993) and Brassica (Szwec-McFadden et al. 1996), or
else described significant exceptions to this rule in corn
(Taramino and Tingey 1996). The development of a
larger number of SSR loci based both on AG and AC
repeats and the evaluation of allelic diversity in larger
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Fig. 3 For legend see page 823
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Fig. 3 Linkage mapping of SSR markers on RAPD maps. Twenty
SSR loci have been mapped on RAPD framework linkage groups
of E. grandis and E. urophylla. Sixteen of them were mapped
on both species maps, allowing the determination of synteny of

six homologous linkage groups between the two species. E. grandis:
black-filled linkage groups; E. urophylla: white-filled linkage
groups; LOD scores are in parenthesis after SSR locus denomi-
nation

823



Fig. 4A, B Allelic variation at Eucalyptus SSR loci. Silver-stained
denaturing polyacrylamide-gel images of SSR loci EMBRA4 (panel
A) and EMBRA 12 (panel B) analyzed in 16 individuals of E.
urophylla and 16 of E. grandis. The first lane is a 10-bp ladder (BRL)
size standard with the sizes of some fragments indicated in base pairs

population sizes is needed to better elucidate these
issues in Eucalyptus.

Efficiency of SSR marker development in Eucalyptus

We have used a very efficient method to generate highly
polymorphic microsatellite-based markers. Following
the enrichment step, between 10 and 40% of the cloned
fragments contained a SSR. Of these, 51% were se-
lected for sequencing based on anchored-PCR screen-
ing step, yielding 87% of clones with non-redundant
sequences that allowed primer design. Seventy two
percent of the primer pairs yielded clearly interpretable
PCR products under a single set of PCR conditions,
and 100% of the tested primer pairs yielded informa-
tive loci in the pedigree analyzed. The overall efficiency,
considering that an average of 20% of the Lambda
clones contained a SSR, was therefore 8.8% (0.2]
0.51]0.87) of the total recombinant Lambda genomic
clones yielding primer sequences and 6.3% (0.2]
0.51]0.87]0.72) yielding informative SSR loci. Using
non-enriched libraries and colony hybridization
screening the reported efficiencies in microsatellite de-
velopment were respectively 0.21% of total recom-
binant clones yielding polymorphic markers in humans
(Weissenbach et al. 1992), 0.24% of total recombinant
clones yielding primer sequences in swine (Roher et al.
1994), and 0.12% yielding informative SSR loci in
bovine (Bishop et al. 1994). Our efficiency was approxi-
mately 37-times higher for the yield of primer sequences
and 30—50-times higher for the yield of informative loci.
Evidently as the number of SSR loci which are de-
veloped increases this efficiency will tend to come down
as a result of an increased number of redundant
sequences. This can be overcome, however, by the T
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construction of libraries using different restriction en-
zymes which would provide largely independent sour-
ces of microsatellite markers (Chen et al. 1997).

Few estimates of the efficiency of SSR development
in plants are available in the literature. In Brassica out
of 141 clones sequenced, primer pairs could be designed
for 21 (15%) and, of these, 13 amplified polymorphisms
in a test array, i.e., an overall efficiency of 9.2% from
sequencing to the production of operational SSR loci
(Szewc-McFadden et al. 1996). In rice, where libraries
were not enriched but an anchored-PCR pre-
sequencing screen was used, 47% of the sequenced AG
clones generated discrete PCR products, i.e., approxi-
mately one out of two sequences yielded a SSR locus
(Chen et al. 1997). In this work, the efficiency obtained
from sequencing data to the formation of operationally
useful SSR loci was 63% (0.87]0.72), i.e., almost two
out of three sequences yielded a polymorphic SSR
locus with Mendelian inheritance. Optimization of
PCR conditions could be used to increase this efficien-
cy; however, we believe that it is preferable to use the
same PCR conditions and either sequence new clones
or design new sets of primers to allow high-throughput
genotyping.

Variability at SSR loci for Eucalyptus genotype
identification

Very high levels of allelic variability were seen at all 15
microsatellite loci surveyed, inspite of the relatively
limited sample size (n"32) used to derive estimates of
the number of alleles. The smallest number of alleles
seen in a sample of 16 individuals of E. urophylla was
five. However, the relatively homogeneous distribution
of allele frequencies still resulted in an expected hetero-
zygosity of 0.74. The range of variation in the number
of alleles found at 15 loci in a single species (5—18 in E.
urophylla and 7—17 in E. grandis) are very similar to the
range observed, 5—16, in a sample of 20 individuals of
E. nitens at four loci (Byrne et al. 1996). The range and
mean number of alleles found in Eucalyptus is on ave-
rage two to three times larger than that found for
several crop plants, including Brassica (Szwec-Mc-
fadden et al. 1996), tomato, rice, wheat and maize
(reviewed by Powell et al. 1996). Allelic variability for
Eucalyptus is close to that seen for soybean and barley
which in several reports have shown a very high num-
ber of alleles at SSR loci with a range of 11 to 26 for
soybean and up to 37 alleles for barley (Morgante et al.
1994; Saghai-Maroof et al. 1994).

Observed heterozygosities at the loci surveyed were
in general lower than those expected. This was also the
case in E. nitens (Byrne et al. 1996). Inbreeding due to
a certain proportion of selfing in Eucalyptus could
potentially play a role in the reduced observed hetero-
zygosity. This is typical in Eucalyptus mating-system
studies when seedlings are used (House and Bell 1994)

because selfed individuals survive at younger ages but
are then gradually eliminated by inbreeding depression
(Griffin and Cotterill 1989). In our study, however, this
explanation is unlikely because the 32 trees surveyed
were genetically unrelated adult individuals sampled
from a large germplasm bank with no history of selec-
tion. The difference between observed and expected
heterozygosities is more likely to be due to the limited
sample size used to estimate allele frequencies, which
would prevent the observation of several classes of
heterozygotes, particularly those involving rare alleles.

Due to the very high observed heterozygosity, all 32
individual trees could be uniquely fingerprinted with
a single SSR locus, namely EMBRA5, the one that
showed the largest number of alleles and the highest
expected heterozygosity. The high degree of multi-
allelism and the very clear and simple co-dominant
Mendelian inheritance of the set of microsatellites de-
veloped here provide an extremely powerful system for
the unique identification of Eucalyptus individuals for
fingerprinting purposes and parentage testing. We are
currently characterizing a subset of these 15 loci in
a very large sample sizes of 200 individuals where we
have estimated probabilities of identity in the order
of 10~10 for as few as six loci combined (Kirst et al.,
in preparation). Furthermore, we are optimizing
multiplexed, multicolor fluorescent detection of alleles
combined with automated sizing with internal size
standards to increase precision in allele-size calling.
This high-throughput approach is routinely employed
in linkage mapping and parentage identification in
humans (e.g., Ziegle et al. 1992) and has proven ex-
tremely powerful for Brassica (Kresovich et al. 1995)
and soybean identification (Diwan and Cregan 1997).

The battery of SSR marker loci developed in this
work should be very useful to the vast majority of
Eucalyptus researchers. Our results show an absolute
transportability of the SSR loci from E. grandis to
E. urophylla and vice versa. Of the 20 SSR loci, 12 were
derived from E. grandis and eight from E. urophylla
genomic libraries. These two species belong to the same
subgenus (Symphyomyrtus) that includes practically all
of the species used in intensive eucalypt-based produc-
tion forestry both in tropical and temperate regions of
the world. Conservation of four SSR loci across species
within Symphyomyrtus was also found by Byrne et al.
(1996) between E. nitens and three other species, E.
grandis being one of them. The very high rate of SSR
marker-loci conservation between the most important
Eucalyptus species in the world is a definite advantage.
It will allow rapid spreading of the use of these markers
in Eucalyptus genetics research, facilitating information
exchange and a comparison among different laborato-
ries particularly in respect of genetic mapping data (see
below).

There are several envisaged applications of a set of
highly discriminating SSR marker loci in Eucalyptus
population genetics, breeding, and operational forestry.
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Precise multilocus estimates of outcrossing rates in
natural populations, seed orchards, and breeding
groups could easily be generated with a small battery of
such SSR loci. The build-up of inbreeding could be
precisely monitored in incomplete pedigreed breeding
populations. Quality control of controlled crosses
could be quickly carried out, and the high power of
exclusion provided by SSR markers would allow pater-
nity identification of selected half-sib progenies produc-
ed by open pollination or by pollen mix. This could be
a very useful tool for breeding programs conducted
mainly by open pollination to reconstruct specific su-
perior individuals or full-sib families by controlled
crosses. The high probability of finding rare alleles in
particular individuals would allow for the accurate
estimation of the rate and distance of gene flow in forest
stands. This information would provide fundamental
subsidies for the establishment of forestry management
procedures to prevent the escape of transgenes in
transgenic Eucalyptus.

Towards a comprehensive linkage map of SSR loci
for Eucalyptus

All 20 SSR loci were genetically informative between
the two parents of the cross and could therefore be
mapped with very high confidence on a framework
map of RAPD markers. A remarkable results was that
16 out of 20 markers segregated in fully informative
fashion, i.e, with at least three different alleles segregat-
ing in the mapping population, allowing the determina-
tion of synteny of six homologous linkage groups of E.
grandis and E. urophylla. Integration of the five remain-
ing linkage groups should follow with the analysis of
further SSR loci. Byrne et al. (1996) reported that the
average number of alleles detected at SSR marker loci
is nearly twice the average number found at RFLP loci
in Eucalyptus. Not surprisingly, the proportion of fully
informative SSR loci found in this study (80%) is signi-
ficantly higher than the proportion of fully informative
RFLP markers found segregating in radiata pine (19%)
(Devey et al. 1996) and in a wide interpopulational
cross of E. nitens (22%) (Byrne et al. 1995). Evidently
besides the higher number of alleles expected at SSR
loci, the interspecific nature of the pedigree used for
linkage mapping in this study also increases the
probability of detecting fully informative markers.

Similar to human genetics studies in the pre-micro-
satellite era, a key obstacle to a more precise analysis of
linkage and the detection of QTLs in Eucalyptus has
been the outbred nature of the pedigrees available and
the limited polymorphism information content of the
molecular—marker classes used to-date to construct
linkage maps. The availability of microsatellite maps
will certainly represent a dramatic improvement in our
ability to carry out high-quality mapping experiments
and implement marker-assisted selection. This work

demonstrates that the construction of a comprehensive
high-density linkage map of SSR loci should be achiev-
able for Eucalyptus. Given the very broad genetic base
of most Eucalyptus breeding programs, and hetero-
zygosities in the 0.7—0.9 range for SSR loci we antici-
pate that essentially every family segregating for the
trait of interest should provide marker-QTL linkage
information. Transportability of SSR loci among pedi-
grees, not only within the same species but also across
species of the same subgeneus, should allow the deter-
mination of QTL synteny and facilitate a directed
search for new allelic variation at known QTLs within
and among species. Finally, as most QTLs in Euca-
lyptus and in other genetically heterogeneous forest
trees are likely to be multiallelic, only multiallelic
markers will permit tracking, understanding and the
adequate manipulating of allelic variation at QTLs in
marker-assisted breeding.
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