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Abstract An integrated genetic linkage map, comprised
of 219 RFLP and 33 microsatellite loci in 13 linkage
groups, was constructed using two outbred pedigrees of
Acacia mangium Willd. The linkage groups ranged in
size from 23 to 103 cM and the total map length was
966 cM. Individual maps were made for each pedigree
and the ordering of loci was consistent with the integrat-
ed map. The use of two independent pedigrees alowed a
comparison of recombination rates between linked loci
in male and female meioses as well as between parents.
Differences were confined to specific regions and were
not uniform across the male and female genomes or be-
tween genotypes. The heterogeneity in recombination
frequencies did not result in major differences in the or-
dering of loci between pedigrees; hence, the integrated
map provides a sound basis for QTL detection, leading
to marker-assisted selection in A. mangium. It also pro-
vides a reference map for comparative genome analysis
in acacias. The co-dominant markers used for mapping
provide a useful resource in population studies and for
quality control in acacia breeding programs. Detection of
arelatively high proportion of selfsin pods derived from
flowers which were not emasculated (30%), compared
with emasculated flowers (0.01%), indicates that emas-
culation is desirable for efficient delivery of control-
crossed seed in acacia breeding programs.
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Introduction

Acacia mangium Willd is a diploid forest tree
(2n = 2x = 26) which, because of its rapid growth rates,
adaptability to a wide range of sites and high pulp quali-
ty and yield (reviewed in Doran and Turnbull 1997), has
become one of the most important plantation species in
southeast Asia. Breeding programs for A. mangium, as
for most other forest trees, have been based on recurrent
selection from open-pollinated families. There is, how-
ever, atrend towards clonal forestry which opens oppor-
tunities for the use of marker-assisted selection. Genetic
linkage maps provide an important tool for the location
of genes linked to traits of economic importance which
could be used in marker-assisted selection.

Mapping in forest trees generaly relies on outbred
pedigrees where genetic segregation is the result of mei-
otic recombination from both parents. While there have
been no direct comparisons of the performance of inbred
and outcrossed progeny of A. mangium, the observed de-
cline in performance of individuals derived from a single
mother tree in successive generations (Sim 1984) pro-
vides some evidence of inbreeding depression associated
with high genetic load. This typically precludes the use
of inbred lines in tree breeding programs (Griffin and
Cotterill 1988; Williams and Savolainen 1996). In A.
mangium, mapping pedigrees were therefore developed
using outcrossed full-sib families from natural popula-
tions in New Guinea. Populations in this region had pre-
viously been identified as being the most heterozygous
(Butcher et al. 1998). They have shown superior growth
rates on a range of sites (Harwood and Williams 1992)
and are the preferred source of breeding materia in cur-
rent tree improvement programs throughout southeast
Asia

A mapping strategy was developed based on two as-
pects of the reproductive biology of A. mangium. Firstly,
the difficulty of producing large progeny arrays from
controlled crosses due, in part, to the small size of flow-
ers, and compound inflorescences with variable propor-
tions of male flowers and low seed set (Sedgley et al.



1992). Secondly, acacias produce compound pollen
grains (polyads) so that all seeds within a pod may not
be produced from independent meiotic events. The
polyad is considered to be a mechanism for ensuring full
pod-set following a single pollination event (Kenrick and
Knox 1982). Cytological studies in acacias have shown
that ovules in an ovary are derived from independent
meiotic events (Buttrose et al. 1981). All ovules within a
flower can be fertilised by a single polyad as the number
of pollen grains in the polyad (16 in A. mangium) is the
same as the maximum number of ovules within a flower
(Sedgley et al. 1992). The polyads are derived from two
rounds of mitosis preceeding meiosis in the sporogenous
cell (Newman 1933; Kenrick and Knox 1979). This im-
plies that up to four seedsin a pod can be produced from
asingle meiosis. Astests for linkage are based on the as-
sumption that all individuals in a mapping pedigree are
derived from independent meioses, ideally only one indi-
vidual per pod would be used for mapping. Where the
number of pods produced is limited, the need for inde-
pendence must be balanced with that of maximising the
precision with which genetic linkage is measured. Preci-
sion is proportional to the number of individuals studied
(Paterson 1996). A maximum of two seeds were there-
fore used from any one pod from each of two crosses.

Mapping with multiple full-sib pedigrees allows map-
ping of alarger number of loci than with a single pedi-
gree, thereby increasing genomic coverage and/or mark-
er density in specific genomic regions. Increased marker
density increases the probability of identifying closely
linked polymorphic loci for marker-assisted selection or
for map-based cloning (see for example the Phaseolus
vulgaris integrated map, Freyre et al. 1998). The use of
two pedigrees provides a means of evaluating the repeat-
ability of map construction and may provide an efficient
means of validating quantitative trait loci (QTLS). Simu-
lation studies indicate that the use of more than one full-
sib pedigree increases the power to detect QTLsS, espe-
cially where the QTLs explains more than 10% of the
phenotypic variance (Muranty 1996). In other genera,
mapping with multiple populations has provided evi-
dence for chromosomal rearrangements (Beavis and
Grant 1991; Kianian and Quiros 1992), gene duplication
(Gentzbittel et a. 1995) and differences in recombina-
tion rates between sexes and genotypes (Fatmi et al.
1993; Sewell et al. 1999). A potentia problem with
pooling information from multiple pedigrees is that if
heterogeneity of recombination is common, then assem-
bling a consensus map for a species will be difficult
(Beavis and Grant 1991; Plomion and O’ Malley 1996).

In the present study, linkage data from two indepen-
dent outcrossed pedigrees are combined to provide an in-
tegrated map for A. mangium. This is the first linkage
map produced for an acacia and provides the basis for
marker-assisted selection and comparative studies of ge-
nome organisation in other members of the genus.
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Materials and methods

Development and testing of the mapping pedigrees

The mapping pedigrees consisted of two outbred two-generation
crosses of A. mangium. The crosses were made between selected
trees from four populations of A. mangium, as described in
Butcher et al. (2000a). Pollination procedures followed Sedgley et
al. (1992) with the exception that one-third of the flowers were not
emasculated prior to pollination. This allowed investigation of the
effects of emasculation on rates of germination, survival, selfing
and contamination from foreign pollen. One hundred and forty
progeny from cross A and 175 progeny from cross B were
screened using ten RFLP loci to detect selfs and contaminants.
Selfed progeny were identified using probes which hybridised to
loci for which the male and female parent were fixed for alternate
aleles (Fig. 1). Fully informative probes were used to maximise
the probability of detecting individuals derived from foreign pol-
len.

To balance the competing aims of maximising the number of
progeny in the mapping pedigrees and the probability of sampling
independent recombination events, a maximum of two seeds were
used from any one pod. Linkage analysis was based on marker ge-
notypes of 108 plants from cross A and 123 plants from cross B.

DNA isolation and marker development

DNA isolation followed Butcher et al. (1998). RFLP and micro-
satellite markers were developed from A. mangium genomic li-
braries following procedures described in Butcher et a. (2000a)
for RFLPs and Butcher et al. (2000b) for microsatellites. RFLP |o-
ci are denoted by the prefix g and SSR loci by the prefix Am.

Data analysis

Loci were scored concurrently for progeny of the two pedigrees,
and fragment length similarities were used to infer orthologous lo-
ci and aleles. All loci were co-dominant. Alleles were numbered
consecutively, starting with the largest fragments labelled 1. Loci
were scored independently by two people to minimise scoring and
the interpretation errors. Where there was doubt about whether |o-
ci were orthologous they were given different subscriptsin the two
pedigrees. If both mapped to the same position, the subscripts
were removed. Segregation of the loci was tested for deviation
(P<0.5) from expected Mendelian segregation by x2 analysis (see
Butcher et al. 2000a,b).

Individuals within the mapping pedigrees should al have the
same degree of relatedness. This was examined using datasets
containing the male haplotypes. The similarity between pairs of
individuals was estimated using group-average clustering analysis
in GENSTAT 5 Release 4.1 (Payne et a. 1987).

To determine whether the use of two seeds from a pod was
likely to bias recombination estimates, the male haplotypes were
examined along each linkage group. This was done separately for
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Selfs

Fig. 1 Identification of selfs amongst progeny from cross A at
RFLP locus g592 (A Hindlll size marker in lane 7)
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crosses A and B. If a crossover occurred at a given point in onein-
dividual from the pair, but not in the other, it could be assumed
that different recombination events were sampled. The number of
pairs where different crossovers were detected between individu-
as from the same pod (observed) were summed for each linkage
group. This was compared with equivalent data for the same num-
ber of pairs of randomly selected individuals from different pods
(expected) using a x2 test.

Linkage analysis

Analysis of linkage between loci was carried out using JOINMAP
version 2.0 (Stam and van Oiijen 1995). Pairwise recombination
frequencies were estimated by maximum likelihood. Linked mark-
ers were initially placed into linkage groups with LOD =5 for
cross B and LOD = 4 for cross A. These LOD scores were select-
ed to avoid significant jumps in X2 values within linkage groups.
Map distances were calculated using Kosambi’'s mapping function
(Kosambi 1944). Following construction of preliminary maps, the
banding patterns of probes which produced co-segregating loci
were compared. If the same pattern was observed, the results for
one of the loci was deleted from the data set.

To integrate the two maps, pairwise recombination frequencies
for the two pedigrees were combined into a single data set and re-
analysed for linkage using JOINMAP. Differences in recombina-
tion rates between linked loci were tested using a X2 test of hetero-
geneity in JOINMAP. Where there were differences in ordering
between the integrated map and the single-pedigree maps, loci
were entered as fixed orders reflecting those in the majority of the
haploid maps. The order was accepted if it did not result in a sig-
nificant jJump in the x2 value.

Results were compared with those from the gene-ordering
agorithm of MULTIMAP version 1.1 (Matise et a. 1994)
(http://linkage.rockefeller.edu/ multimap). For two-generation
outbred pedigrees the linkage phase of alelesis not known a prio-
ri and must be determined from the progeny segregation data
(Maliepaard et al. 1997). In JoiINMAP, phase is determined internal -
ly, based on the recombination frequency (Stam and van Ooijen
1995). The inclusion of phase in the input for MULTIMAP, in-
ferred from progeny segregation data, increased the number of |o-
c¢i which were mapped.

Heterogeneity of meiotic recombination

To investigate sex-related differences in recombination and to de-
termine whether the ordering of loci was consistent between sex-
es, loci for crosses A and B were divided into maternal and pater-
na haploid datasets. For loci showing segregation of two alleles
where both parents were heterozygous, only the homozygotes
were included in the analysis as the origin of the aleles in the het-
erozygotes could not be determined. Recombination rates between
linked loci were estimated independently for the male and female
parents of each cross. These were then merged and differences be-
tween recombination rates determined using X2 tests for heteroge-
neity. Male and female maps were constructed using procedures
described for the diploid data to determine whether the ordering of
loci was consistent between sexes.

Estimation of genome length and map coverage

Estimates of genome length, E(G) (Hulbert et al. 1988; method 3
in Chakravarti et a. 1991), and expected genome coverage,
E(C,)% (Bishop et al. 1983), were calculated from pairwise segre-
gation data for marker pairs above a threshold LOD of 4, exclud-
ing loci which were heterozygous for the same alleles in the male
and female parents. Confidence intervals for genome length were
calculated following the method of Gerber and Rodolphe (1994).
The observed genome coverage was calculated from the results of
map construction as described in Nelson et a. (1994). These pro-
cedures are detailed in Echt and Nelson (1997).

Results
Error detection in the mapping pedigree

The number of pods produced from florets that were pol-
linated with and without emasculation is summarized in
Table 1. Twenty percent of pods in cross A and 16% of
pods in cross B were produced from florets which were
not emasculated. Pod set in cross B was 20% higher
from emasculated flowers but no different in cross A to
that from flowers which were not emasculated. Germina-
tion and survival were 8% and 12% lower respectively
amongst seeds produced without emasculation (data not
shown). Screening of over 300 progeny with ten RFLP
probes revealed that 30% of pods produced from flowers
which were not emasculated contained selfs or seed de-
rived from foreign pollen compared with less than 1% of
pods from emasculated flowers (Table 1). The proportion
of contaminants among the progeny was lower (23%) re-
flecting the lower survival rate from flowers which were
not emasculated. Where a self was detected in a pod
from a flower which was not emasculated and a second
progeny was tested from that pod, it was also found to be
aself.

The similarity analysis showed that no individuals
were unusually similar. The highest level of similarity
was 81% and 83% for two individuals (from different
pods) in crosses A and B respectively. All individuals
merged into a single group by 48% similarity, indicating

Fig. 2 Genetic linkage map for A. mangium. Linkage groups for
cross A are shown on the left and those for cross B on the right of
an integrated map (AB). Loci are listed on the right and recombi-
nation distances (cM, Kosambi) on the left of each linkage group.
RFLP markers are denoted by the prefix g and microsatellites by
the prefix Am. Loci with distorted segregation ratios (P<0.05) are
marked with an asterix

Table1 The number of pods

produced following cross-polli- ~ |tém CrossA CrossB

nation of A. mangium, with and

the number of progeny derived - ) .

from ﬂﬁng and forei gn po”en Florets pOllIr‘IaIed 774 (48 Sp| keS) 173 230 (18 SplkeS) 197
Pods produced 54 (0.07%) 13 (0.08%) 59 (25.7%) 11 (5.6%)
Seeds produced 317 75 470 72
Progeny tested 118 22 158 18
Selfs 0 4 (3 pods) 1 3 (2 pods)
Foreign pollen 0 1 0 1
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that no individuals were unusually distinct from the rest
of the mapping population.

L ess recombination was detected between pairs of in-
dividuals from the same pod than between those from
different pods (cross A 407 vs 424; cross B 566 vs 579).
However, the differences were not statistically signifi-
cant (x2P < 0.5), indicating the recombination estimates
in this study were not significantly biased as a result of
using a maximum of two seeds per pod.

Segregation of markers

Segregation data from 263 loci were initially used for
map construction. Twelve RFLP loci were removed as
they produced identical genotypes to at least one other
probe. One hundred and fifty one RFLP and 24 microsat-
elliteloci in cross A and 170 RFLP and 30 microsatellite
loci in cross B were assigned to linkage groups. Nineteen
percent of loci in cross A and 24% of loci in cross B
were fully informative. A total of 102 loci were poly-
morphic in both crosses (Table 2). One hundred and for-
ty eight RFLP probes (87%) gave a single locus. Of
these, 62 RFLP loci, together with 21 microsatellite loci
which were polymorphic in both pedigrees, were consid-
ered orthologous by default. An additional 19 loci from
probes which revealed more than one locus were ortho-
logous as they mapped to the same position.

Loci with distorted segregation ratios (Butcher et al.
2000a,b), marked by an asterix in Fig. 2, were randomly
distributed throughout the genome [cross A ten loci
(5.7% of RFLPs); cross B nine loci (4.5% of RFLPs)] as
expected using a 5% probability criterion. No SSR loci
and only one RFLP locus deviated significantly from the
expected segregation ratios in both crosses. The RFLP lo-
cus caused a significant jump in X2 in cross B and was re-
moved from this data set. The absence of any clustering
of loci with distorted segregation ratios suggests there is
no biological basis for the observed distortion.

Linkage analysis for crosses A and B

One hundred and sixy three loci in cross A were as-
signed to 16 linkage groups using JOINMAP's IMGRP
module and a LOD threshold of 4. One group contained
only two RFLP loci which were linked to each other but
not strongly linked to other loci, and one locus was un-
linked. One hundred and eighty seven loci in cross B
were initially assigned to 15 linkage groups using a
LOD threshold of 5. Two groups were combined to form
linkage group 10 (LOD 3.5) based on evidence from
cross A. No significant jump in x2 resulted from com-
bining the groups. There were no unlinked loci.
Loci segregating from the male and female parents, or
both, were spread across the linkage groups. The order-
ing of loci in the two maps was consistent with only mi-
nor differences in the order of closely linked loci,
marked in bold on Fig. 2.
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Table 2 Number of markers which were polymorphic in more
than one parent and/or mapping pedigree

Mapping Segregating markers
population
Intra- Inter- Totala
pedigree pedigree
Cross A maternal 47 71 84
Cross A paternal 47 66 79
Cross B maternal 65 76 95
Cross B paternal 65 72 91
Integrated - 102 136

a Total number of markers represented in intra- and/or inter-pedi-
gree categories

Comparison of meiotic recombination
and ordering of loci anong parents

To investigate heterogeneity in recombination frequen-
cies, the data for each cross were divided into maternal
and paternal haploid data sets. The linkage data from the
four independent mapping parents (251 loci) contained
136 markers which were common to at least two of the
haploid data sets (Table 2). There were significant differ-
ences in recombination frequencies between the pairs of
markersin cross A listed in Table 3. The mgjority of dif-
ferences were on linkage group 2. Thislinkage group also
contained the highest number of orthologous markers
(ten) raising the question of whether the number of differ-
ences which were detected simply reflect sampling error.
No significant differences in the rate of recombination
were detected between male and female meioses in cross
B. Recombination frequencies are averaged in JOINMAP
so, where there are differences between male and female
meioses, or between crosses, the distances on the inte-
grated map are approximate.

The ordering of loci on the maternal and paternal
maps of cross A was, however, consistent (data not
shown) with only one reversal in order of Am164 and
g474 at the end of linkage group 1. The distance between
the two markerswas 1 cM in the female map and 3.5 cM
in the male. In cross B there was minor rearrangement in
the order of the closely linked markers, g630, g441 and
g374, on linkage group 2. These markers were separated
by a distance of 0.7 and 2.3 cM in the maternal and pa-
ternal maps respectively. Am136 was placed after
Am173 in linkage group 7 on the maternal map and be-
fore g25 on the paternal map, and the order of Am770
and g396 on linkage group 12 was reversed. Given the
small distances involved, these differences could simply
reflect statistical inaccuracies in the estimated recombi-
nation frequencies (Maliepaard et al. 1997). They did not
result in changes in marker order on the diploid maps.

Integrated map

The pairwise recombination frequences for each cross
were combined and linkage groups for the merged data
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Table 3 Comparisons of

recombination frequencies Linkage Interval Male Female Male/ X2 P
between linked loci for male group female
and female meiosesin cross A.
Only those significantly differ- 2 0593—g474 0.140 0.035 4.00 4.30 0.038
ent between sexes (P<0.05) are 2 g403-Am429 0.389 0.167 2.33 6.99 0.008
shown 2 g403-g3745 0.185 0.056 3.33 4.46 0.035
g403—g441
g403—-g630
2 Am429-g374 0.478 0.315 151 5.65 0.018
2 Am429-g441 0.469 0.324 144 455 0.033
A m429—9630}
2 Am429-g869 0.092 0.284 0.32 13.72 0.000
8 g2hp—g941 0.055 0.138 0.40 4.39 0.036
10 03192995 0.136 0.015 8.97 7.95 0.005
Table 4 Comparisons of .
recombination frequencies Linkage Interval Cross A Cross B CrossA/B X2 P
between linked loci for cross group
A and cross B. Only those
significantly different between 1 03349618 0.099 0.024 4.10 6.13 0.013
crosses (P<0.05) are shown 1 g19a—g618 0.346 0.213 1.62 481 0.028
1 g342—g90b 0.115 0.252 0.46 4.82 0.028
2 0441-Am368 0.261 0.396 0.65 4.47 0.035
2 0926—9308 0.036 0.133 0.27 5.60 0.018
2 g308-g403 0.074 0.267 0.28 8.06 0.005
2 09269403 0.056 0.168 0.33 4.73 0.030
4 0436 and g649 0.202 0.360 0.56 494 0.026
10 056 and g92a 0.155 0.059 2.63 3.99 0.046
11 g3laand g50a 0.113 0.061 1.86 6.92 0.009

set formed at LOD=4 using the IMPWG program of
JoiNnmAP; 249 loci were mapped in 14 linkage groups (13
linkage groups at LOD = 3.5). The two markers which
were linked to each other, but not to other markers in
cross A (9499 and g569), were initially grouped on link-
age group 3 but caused significant jumps in x2 values
and were therefore omitted from the map. All other
markers were mapped. Combining the data from the two
pedigrees provided additional linkage information which
enabled severa of the smaller linkage groups to be com-
bined. The previously unmapped marker from cross A
was also mapped (g396 on linkage group 12).

The 13 linkage groups of the integrated map span
966 cM with an average distance between markers of
4.6 cM. Three regions of the map had distances between
adjacent markers greater than 20 cM, namely g92a—g581
on groupl0 (23.4 cM), Am435-g879 on group 12
(27.8 cM) and g623—g554 on group 13 (27.8 ctM). These
linkages were all supported by linkage between more
than one pair of markers and LOD scores higher than 3.
For example, g92a on linkage group 10 is linked to both
056 (lod=13.5) and Am436 (lod 3.6); g879 on group 12 is
linked to g502 (lod 15.7) and g580 (lod 3.8); and g623 on
linkagel3islinked to Am352 (lod 3.9) and g90a (lod 54.2).

The allocation of loci into linkage groups from
JoinmaP was verified using the MuLTimap program.
Fewer loci were ordered within linkage groups using
MuLTimaP, however the ordering of the mapped loci
(LOD = 3) was consistent with Joinmap. The number of
mapped loci was increased by inputting phase data, de-

rived from progeny segregation, and reducing the LOD
score; however, the latter resulted in inconsistencies in
marker order in several linkage groups. Map lengths
were approximately 10% shorter in JoINMAP. A similar
trend has been reported in several other studies (van
Ooijen et a. 1994; Devey et al. 1996; Sewell et al. 1999)
and has been attributed to the different mapping algo-
rithms used. MuLTIMAP uses adjacent marker pairs only
to calculate distances whereas JoINMAP uses all pairwise
estimates above a pre-defined LOD threshold. In addi-
tion, the likelihood method in MuLTIMAP assumes an ab-
sence of interference, so where there is interference Join-
mAP will produce shorter maps (Qi et a. 1996).

The ordering of loci was consistent between the two
crosses despite significant differences in recombination
rates between closely linked loci in the two pedigrees
(Table 4). These differences were mainly in linkage
groups 1 and 2 and the latter were due to lower frequen-
cies in female meioses in cross A. The remaining differ-
ences were attributable to variation in recombination
rates between crosses. No differences were detected for
linkage groups 3, 5-9, 12 and 13. For the integrated map
this does not appear to be due to there being fewer infor-
mative markers (ie segregating in both crosses) in which
to investigate homogeneity in these linkage groups.
While the proportion of orthologous loci ranged from
23% in linkage group 6 to 52% in linkage group 2, there
was no relationship between the number of differencesin
recombination detected and the number of informative
markers per linkage group.
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Table 5 Number of markers used for map construction, estimated genome length, and expected and observed genome coverage for ma-

ternal and paternal maps

Mapping Number of Map Estimated 95% Confidence Expected Observed
population mapped markers coverage? genome length? intervala coverage (%) coverage (%)
A maternal 106 703 1468 1289,1704 86 55

A paternal 107 763 1490 1468,1960 85 52

B maternal 125 834 1564 1319,1919 90 54

B paternal 126 798 1673 1412,2051 89 58
Integrated 249 966 Mean 1548 62

aMap unitsin centimorgans using the Kosambi mapping function

Estimated map length and genome coverage

The expected total length of the genome estimated using
method 3 of Chakravarti et al. (1991) and maternal and
paternal linkage data for locus pairs with a LOD score = 4
for each cross, ranged from 1470 to 1670 cM (Table 5).
Thisiswithin the range of other forest trees (Table 6). The
estimated genome coverage was 85-90%; however, the
observed genome length was considerably less (62%) in-
dicating the need for more markers to be mapped.

Discussion
Quality control

RFLPs provided an effective means for detecting con-
tamination and selfing in breeding populations. The rel-
atively high proportion of selfs in pods produced from
flowers which were not emasculated indicates that se-
lection for outcross pollen is not strong in A. mangium.
Thisisin contrast to other Australian acacias in which
estimates of outcrossing rates at the viable seed stage,
in natural populations, are very high (Moran et al. 1989;
Muonaet al. 1991; McGranahan et a. 1997). In A. man-
gium flowers have a short female phase which reduces
the effectiveness of the protogynous outcrossing mecha-
nism (Sedgley et a. 1992) and no difference has been
found in ovule penetration between self and outcross
pollen (Sedgley et al. 1992). The bagging of flowers
presumably overcomes any temporal barrier which may
otherwise prevent selfing in this species. Emasculation
reduced the number of pods containing progeny derived
from selfing or foreign pollen from 30% to less
than 1%. The higher rate of germination and survival
among progeny produced from emasculated flowers
may also reflect the lower proportion of selfs. Despite
the additional effort required, emasculation is therefore
desirable in any controlled crossing program for A.
mangium.

Integrated linkage map

The integrated map represents the most-likely order of
markers given the available data. Differences in recom-

bination frequencies in the two crosses may cause some
distortion of map distances between the relevant pairs of
markers on the integrated map. However, the close cor-
respondence between marker distances on the A and B
maps (Fig. 2) shows that any distortion caused by com-
bining these data was not extreme.

The high proportion of common markers, together
with the consistency of gene order between the two indi-
vidual maps, provide a measure of reliability for the inte-
grated map. The integrated map was established on the
basis of 102 common markers out of a total of 249
(41%). The proportion of common markers for linkage
groups 1-13 was 47, 52, 36, 39, 46, 23, 44, 61, 33, 45,
38, 24 and 33% respectively. The order of unique mark-
ers in regions of the genome containing a low density of
common markers will, however, be less reliable than in
regions with a high density of common markers.

The distribution of markers in the 13 linkage groups
of the integrated map was reasonably uniform with only
three regions where the distance between two adjacent
markers was greater than 20 cM. Similar gaps have been
reported on most plant RFLP maps and may represent
either regions of high recombination or genomic regions
which were not sampled with probe isolation tech-
nigques. Based on estimates that the power to detect
QTLs does not significantly increase for marker densi-
ties greater than one every 10-20 cM (Darvas et al.
1993), the map should provide a firm basis for the loca-
tion of QTLs. This, however, assumes 100% coverage
of the genome.

The A. mangium map is shorter than most maps re-
ported for forest trees (Table 6), reflecting either incom-
plete genome coverage or a lower rate of recombination.
A. mangium has relatively low restriction fragment
length polymorphism (Butcher et al. 1998). Positive cor-
relations between the level of RFLP and rates of recom-
bination have been observed within genomes (Begun and
Aquadro 1992; Aguade and Langley 1994; Dvorak et al
1998; Kraft et al. 1998), and a relationship between the
level of DNA diversity and the overall rate of recombi-
nation in different genomes would not be unexpected.
Lower levels of recombination have also been reported
in other Leguminosae (Trifoleae) (reviewed by Young et
al. 1996) and make map-based cloning difficult.
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Heterogeneity in recombination

The use of two independent pedigrees, together with co-
dominant markers, a proportion of which segregated in
both sexes (33%) and/or both pedigrees (41%), allowed
the comparison of recombination rates in male and fe-
male meiosis and between genotypesin A. mangium. Ge-
nome-wide trends were not evident. Significant differ-
ences in meiotic recombination rates between the sexes
were concentrated in a single linkage group in one pedi-
gree (Table 3). Sex-related differences are not uncom-
mon in linkage studies of plants, including those of for-
est trees. In gymnosperms, evidence indicates that re-
combination occurs more frequently in male meiosis, for
example Pinus radiata (Moran et al. 1983), Pinus taeda
(Groover et a. 1995; Sewell et al. 1999) and Pinus pin-
aster (Plomion and O’ Malley 1996), while in the angio-
sperms Lycopersicon (de Vicente and Tanksley 1991;
van Ooijen et a. 1994) and Lilium (Burt et a. 1991) re-
combination is greater in female meiosis. Environmental
factors have been suggested as a possible cause of differ-
ences in recombination between the sexes in gymno-
sperms where male and female meioses occur in differ-
ent seasons (Beavis and Grant 1991). The A. mangium
mapping pedigrees were produced in a seed orchard in
the same flowering season and the differences in recom-
bination are therefore more likely to be genetically rather
than environmentally based.

The male and female A. mangium maps were based
on recombination in four different parents and the ob-
served differences in recombination frequency may
therefore be due to a genotype effect rather than a sex ef-
fect. This could be tested using reciprocal crosses. Geno-
typic variation in the frequency of recombination has
been observed in other legumes, for example Glycine
max (Pfeiffer and Vogt 1990).

The differences in recombination between crosses in
A. mangium were largely confined to two regions of the
genome (linkage groups 1 and 2). They were between
closely linked loci and did not result in major changes in
the ordering of loci. As aresult they did not cause major
problems in the integration of maps.

The consistency of marker order in the four haploid
maps provides evidence that there has been no intraspe-
cific chromosomal rearrangements among the four A.
mangium trees. While this is not unexpected, given that
the trees come from the same geographic region (New
Guinea), it could be speculated that genome rearrange-
ments are more likely to occur where there has been a
high level of genetic differentiation among populations.
This has been documented for the Australian and New
Guinea populations of A. mangium (Butcher et al. 1998).
The limitation may reside in the power of mapping algo-
rithms to statistically detect linkage reorganisation on a
broad scale.
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Estimated genome coverage

The expected total length of the genome estimated for
the maternal and paternal data sets of both crosses
ranged from 1470 to 1670 cM and the expected coverage
of the genome from 85 to 90% (Table 6). Using the aver-
age estimated genome length of 1550 cM, a DNA con-
tent of 2.277 pg/2 C Mbp (Mukherjee and Sharma 1995),
and given that 1 pg of DNA =0.965x10° bp (Bennett
and Smith 1976), the average physical equivalent per
unit of genetic distance is 710 kbp/cM. This value is
within the range reported for other legumes, for example
758 kb/cM for Phaseolus vulgaris (Nodari et al. 1993);
517 kbp/cM for Glycine max (Diers et a. 1992); and
1500 kbp/cM in Medicago sativa (Kiss et al. 1993) but is
at the upper end of the range reported for angiosperm
trees, 350 kbp/cM for Eucalyptus nitens (Byrne et al.
1995) and 400 to 600 kbp/cM for Eucalyptus grandis
and Eucalyptus urophylla (Grattapaglia and Sederoff
1994; Verhaegen and Plomion 1996). Higher average
physical distance estimates reduce the possibility of the
map-based cloning of genes.

One source of error in these calculations is the reported
variability in the nuclear DNA concentrations in acacias.
Not only is there significant variation in the amount of nu-
clear DNA in different acacia species, associated with
their evolution and divergence (Mukherjee and Sharma
1995), but vaues aso differ among authors. 4 C values
reported for diploid Australian acacias range from 4.4 pg
in Acacia auriculiformis to 84 pg in Acacia Smsii
(Mukherjee and Sharma (1995). The vaues often differed
from those reported by Bennett et al. (1998) which ranged
from 4 C=2.2 pg for Acacia modesta, 4 C=3.3 pg for A.
auriculiformisto 8.2 pg in Acacia victoriae.

Applications

The integrated map is based on four parents from the
New Guinea region which is the preferred source of
breeding material in current tree improvement programs
for A. mangium. It will therefore provide a sound basis
on which to carry out molecular breeding of this species.
It also provides a useful reference map for comparative
studies of genome organisation in other acacias.

The integrated map consolidated the linkage groups
from two unrelated pedigrees. The advantages of map-
ping multiple pedigrees include: a larger number of loci
are mapped, gene order and map distances are estimated
more accurately, and aterations in these values, possibly
due to chromosomal rearrangements affecting one of the
parents, are easily detected (Kianian and Quiros 1992).
In addition, polymorphic loci common to more than one
pedigree, which may have a higher chance of segregat-
ing in other crosses, are identified. Use of multiple pedi-
grees increases the power to detect QTLs (Muranty
1996) and the map can be used to compare QTLs identi-
fied in different genetic backgrounds (Beavis and Grant
1991).
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Knowledge of linkage relationships between loci pro-
vides a baseline for selecting markers spanning the ge-
nome for use in population studies. Mapped loci at dif-
ferent levels of linkage are being used to develop new
statistical approaches to assess the demographic history
of a species. For example, the pattern of variation across
unlinked microsatellite loci has been used to test wheth-
er population size has been constant or increasing
(Goldstein et al. 1999). Variation among closely linked
microsatellite loci has been employed to measure gene
flow from introduced populations to native populations
(Estoup €t al. 1999).

The linkage relationships in this map will be used to
locate genes affecting quantitative traits of economic im-
portance in A. mangium. Replicated clona trials have
been established from the mapping populations and the
quantitative data will be employed to locate markers
linked to genes controlling resistance to the phyllode rust
Atelocauda digitata. This disease is emerging as a poten-
tially serious problem in A. mangium plantations and
nurseries in South-east Asia (Old et a. 1997).
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