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Abstract Mapping in forest trees generally relies on
outbred pedigrees in which genetic segregation is the re-
sult of meiotic recombination from both parents. The
currently available mapping packages are not optimal for
outcrossed pedigrees as they either cannot order phase-
ambiguous data or only use pairwise information when
ordering loci within linkage groups. A new package,
OUTMAP, has been developed for mapping codominant
loci in outcrossed trees. A comparison of maps produced
using linkage data from two pedigrees of Acacia man-
gium Willd demonstrated that the marker orders pro-
duced using outmAP were consistently of higher likeli-
hood than those produced by JoinmAP. In addition, the
maps were produced more efficiently, without the need
for recoding data or the detailed investigation of pair-
wise recombination fractions which was necessary to se-
lect the optimal marker order using JoiINmAP. Distances
between markers often varied from those calculated by
JOINMAP, resulting in an increase in the estimated ge-
nome length. outmapP can be used with all segregation
types to determine phase and to calculate the likelihood
of alternative marker orders, with a choice of three op-
timisation methods.
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Introduction

There have been a number of approaches to the construc-
tion of genetic linkage maps. A maximum likelihood
technique for map construction was developed by
Lander and Green (1987) and implemented in the pack-
ages MAPMAKER (Lander et al. 1987), cri-maAP (Green
1988) and MuLTIMAP (Matise et a. 1994). The method si-
multaneously uses information from al markers in a
linkage group to determine marker order. These pro-
grams were first developed for mapping human pedi-
grees where linkage phase was known and progeny sizes
were limited. MAPMANAGER (Manly and Elliot 1991),
which also uses multi-locus likelihood, focuses on map-
ping larger progeny arrays from inbred lines. JoINmMAP
(Stam et al. 1993) was developed to combine linkage da-
ta from different experiments or pedigrees. It uses only
pairwise recombination fractions between markers to es-
timate marker order and therefore cannot be expected to
be as accurate as multi-locus likelihood-based packages
(reviewed by Ott 1992).

Genetic linkage maps for forest trees are generaly
constructed for outbred pedigrees where segregation is
the result of meiotic recombination from both parents.
Inbreeding depression has precluded the development of
inbred lines, and long generation times have led to the
use of two-generation pedigrees for mapping in which
the linkage phase between pairs of loci is not known
a priori. Unfortunately the likelihood-based packages
(CRI-MAP, MULTIMAP, MAPMAKER and MAPMANAGER) are
not optimal for mapping forestry species; in particular
they cannot adequately accommodate phase-ambiguous
data. JoINMAP can be used to map all segregation types
but, as aready mentioned, the underlying method is not
optimal.

The added complexity of mapping outcrossed pedi-
grees using multi-locus likelihood has been addressed in
two ways. In the double pseudo-testcross strategy, link-
age is analysed separately for each parent (Grattapaglia
and Sederoff 1994). This strategy has been used for the
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analysis of segregation data from dominant loci in forest
trees. However, the integration of maps remains prob-
lematic (Maliepaard et al. 1997). In addition, as most
quantitative trait loci (QTL) in outcrossed pedigrees are
likely to be multi-allelic, only codominant multi-allelic
markers will permit the tracking, understanding and ade-
guate manipulation of all the allelic variation segregating
at QTLs (for example Byrne et a. 1997). Sewell et al.
(1999) proposed a method for analysing codominant loci
in outcrossed pedigrees where separate maps were first
constructed for the male and female parents using multi-
locus likelihood. Phase was determined from the grand-
parents for the majority of loci. For phase-ambiguous |o-
ci, marker phenotypes were reciprocally coded for cou-
pling and repulsion, and the correct phase determined
based on the recombination fractions. Maps were then
combined using JoINMAP. Neither strategy provides a
one-step analysis for segregation data from outcrossed
pedigrees.

In this paper we discuss a new program to overcome
the limitations of existing packages and provide a phase-
determining, likelihood-based procedure for linkage
analysis in outcrossed forest trees. The features of a
Windows package called outmap, for carrying out the
analysis, are described. Data from two outcrossed pedi-
grees of Acacia mangium Willd are used to compare re-
sults from ouTmAP with previously published results
from JoINMAP.

Outline of outmar

The theory and methodology for outmAP is described by
Ling (1999). The implementation of this theory in out-
MAP is outlined below.

OUTMAP features

The package is Windows-based and has been written in
C++. The user specifies a file of segregation data; this
includes the parental genotypes followed by the progeny
genotypes in a text file. An option can aso be selected
for data with known grandparental genotypes. The pack-
age automatically assigns a numeric code according to
the parental segregation type; this is used when deter-
mining linkage phase. The package then generates link-
age groups according to the specified maximum recom-
bination fractions (maxrf) and minimum LOD score
(minlods). The markers in the linkage group can be or-
dered using a selected optimisation procedure. The user
can drop markers from a linkage group and also deter-
mine the likelihood of a fixed marker order. These op-
tions facilitate the comparison of outmAP results with
those from other packages.

Segregation types

The package was developed for linkage analysis of seg-
regation data from codominant markers. Four parental
segregation types for loci are recognised.

1) Fully informative (FI) — heterozygous for both
parents with the number of alleles equal to three or
four.

2) Heterozygous (HE) — heterozygous for both parents
with the number of aleles equal to two. With this
type of locus, the package later analyses the offspring
to determine whether the locus is heterozygous cou-
pling or repulsion.

3) Female segregating (FS) — heterozygous for the fe-
mal e parent and homozygous for the male parent.

4) Male segregating (MS) — heterozygous for the male
parent and homozygous for the femal e parent.

Linkage groups

The segregation type of each locus is assigned, and an
analysis of each pair of markers is carried out to infer
phase and estimate the recombination fraction and LOD
score; all of these operations are carried out at a pairwise
level. An agorithm is then used to form the linkage
groups based on pairwise recombination fractions and
LOD scores. The user defines values for maxrf and min-
lods. The definition of alinkage group is that for any lo-
cus in the group there is at least one other locus, such
that the pairwise recombination fraction is less than
maxrf and the corresponding LOD score is greater than
minlods. Note that at this stage, pairwise information is
sufficient to form linkage groups; in fact, most mapping
packages agree closely on the formation of groups. For
deciding the order of markers and estimating the distanc-
es between markers in linkage groups, pairwise informa-
tion is no longer adequate.

Parental haplotypes

For each linkage group, ouTMAP uses an algorithm to
determine the parental haplotypes for all of the markers
in the group. This process uses the segregation type of
each locus and if, as is common for data from out-
crossed trees, grandparental genotype data are not avail-
able, offspring data are used. Details of the algorithm
are given by Ling (1999). Note that this algorithm, to
determine the parental haplotypes over all of the mark-
ers in a linkage group, is more sophisticated than the
pairwise phase method used above to estimate recombi-
nation fractions for the formation of the linkage groups.
At this stage the package will output the phase-deter-
mined data file, and the user has the flexibility to modi-
fy the file (e.g. override the automatic phase determina-
tion, drop markers) before the maximum likelihood
stage.



Maximum likelihood

After linkage phase has been determined for all loci in a
linkage group, the multi-locus likelihood can be evaluat-
ed for a particular ordering of the markers. Ling (1999)
describes a variant of the Lander and Green (1987) algo-
rithm that caters for the situation of outbred crosses with
many offspring and possibly no grandparental data; the
algorithm uses hidden Markov models (Rabiner 1989)
and the EM agorithm (MacL achlan and Thiriyambakam
1996) to estimate recombination fractions. The processis
complicated by the fact that the likelihood surface is
non-convex.

Optimisation

Optimisation procedures are used to choose the marker
order that maximises the likelihood. Three methods are
available in outmaP including 2-opt and 3-opt, which
were derived from the travelling salesman problem in
which the salesman is asked to find the shortest route
that connects a number of cities (Johnson 1990) and
nested simulated annealing (Whitaker 1995). We have
found that no single method is to be preferred for order-
ing markers. For example, 2-opt and 3-opt are often used
in preference to the steepest descent part of the simulated
annealing agorithm; the latter, however, usually deals
better with the non-convex likelihood surface to finish
off the search. The use of several optimisation methods
can also provide a check on results.

Application of ouTmAP

Marker order and map distances were calculated for two
unrelated, two generation, outcrossed, full-sib pedigrees
of Acacia mangium, using the outmaP package. The
pedigrees and markers are described by Butcher et al.
(20003, b). Segregation data were available for 252 co-
dominant loci; 219 restriction fragment length polymor-
phism (RFLP) loci and 33 microsatellite loci. The num-
ber of markers of each segregation type are listed in Ta-
ble 1. The log likelihood of marker orders and distances
between markers in each linkage group from outmap

Table 1 Number of markers of each segregation type in two out-
crossed pedigrees of Acacia mangium

Segregation type2 CrossA Cross B
FI 34 51
HE 16 14
FS 60 61
MS 59 64
Total 169 190

a Fl, Fully informative; HE, heterozygous for both parents with
only two aleles; FS, heterozygous for the female parent only; MS,
heterozygous for the male parent only
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were compared with the previously published marker or-
ders and distances based on JjoinmAP (Butcher and Moran
2000). The marker orders in the JoiINnmAP-generated map
were resolved only after considerable time was spent ex-
amining recombination fractions between pairs of mark-
ers to resolve inconsistencies between the two pedigrees
and after comparisons were made with the order of
mapped markers from MULTIMAP. In contrast, the ouTmAP
order was taken directly from the package.

Results and discussion
Data handling

Parental and progeny genotypes of the two pedigrees had
been scored concurrently with alleles numbered from
one to eight according to size. These data were imported
directly into outmaP which automatically assigned a nu-
meric code according to the parental segregation type.
This eliminated the step of recoding alleles alphabetical -
ly, according to five segregation types, which was neces-
sary before using the JoinmAP package.

Linkage groups and marker order

The same linkage groups were formed using oUTMAP
(maxrf = 0.3; minlods = 3) as were produced with JoIn-
MAP, with three exceptions. Groups 4 and 5 in cross A
and groups 13 and 14 in cross B (Butcher and Moran
2000) were combined in ouTMAP. These groups were,
however, subdivided based on large recombination frac-
tions between two markers; [cross A — recombination
fraction = 0.480 between g749 (group 4) and @861
(group 5); cross B — recombination fraction = 0.385 be-
tween g90a (group 13) and g493 (group 14)]. The link-
ing of groups 13 and 14 in cross B was, however, consis-
tent with the marker order of an integrated map formed
when data from the two pedigrees were combined (see
Butcher and Moran 2000). The third exception was the
marker g492, which was unlinked in outmAP but was
mapped at the end of linkage group 9 in cross A using
JoINMAP. This marker was a relatively large distance
(29 cM Kosambi) from the adjacent marker and was not-
ed as having an unusual segregation pattern (Butcher et
al. 2000b). It was included in group 9, cross A, despite
the large distance to the adjacent marker, as the marker
order was consistent with that in cross B (Butcher and
Moran 2000). One other marker was unmapped in cross
A and two markers were linked to each other but not to
other markers. This is consistent with reported results
from JoinmAP (Butcher and Moran 2000).

The negative log likelihoods obtained from outmAP
after optimisation in each linkage group are presented
in Table 2. They are compared with the negative log
likelihoods for the JoiInmaP marker orders obtained by
entering these fixed orders into ouTmAP. There were
differences in marker order in half of the linkage
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Fig. 1 Linkage groups mapped
from two unrelated pedigrees
(cross A and B) of Acacia man-
gium showing differencesin
map order and distances (cen-
tiMorgans Kosambi) produced
using JOINMAP (J) and OUTMAP
(O). Markers with the prefix g
are genomic RFLP markers and
those with the prefix Amare
microsatellite markers. The
OUTMAP groups are not drawn
to scale
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Table 2 Comparison of nega-

tive log likelihood of marker CrossA

Linkage

Cross B

orders generated by JOINMAP Group

and ouTmAP for two indepen-
dent linkage maps of A. man-

OUTMAP
(-log likelihood)

JOINMAP
(-log likelihood)

OUTMAP
(-log likelihood)

JOINMAP
(-log likelihood)

gium (= same order produced

2 875 887 899 =
3 753 779 680 698
4 666 670 711 =
5 721 721 782 794
6 554 = 699 =
7 516 517 655 666
8 646 = 733 735
9 193 = 479 =
10 490 494 713 726
11 302 305 319 322
12 320 = 696 =
13 215 = 313 =
14 191 = 293 =
15 115 =
-(l;:inmt(iel\ﬁ o%gnnsp aKrloss%r;n%fi)l %r;gths Linkage CrossA Length CrossB Length
linkage groups estimated from ~ Group
OUTMAP and JOINMAP Number OUTMAP JOINMAP Number of OUTMAP JOINMAP
of markers (cM) (cM) markers (cM) (cM)
1 21 137 117 26 119 109
2 20 113 93 17 113 101
3 14 107 94 16 84 83
4 13 86 70 12 80 77
5 18 86 73 19 80 72
6 11 76 69 15 90 84
7 11 67 59 12 85 63
8 15 83 71 14 80 73
9 3 10 8 7 64 51
10 12 66 59 17 83 75
11 6 31 17 5 21 22
12 8 27 23 12 93 80
13 3 18 18 4 30 28
14 4 35 36 6 23 18
15 3 8 8
total 162 950 815 182 1045 936

a Comparison excludes g492

groups in both pedigrees. The changes affected markers
of all segregation types; 30% FI, 46% MS, 19% FS and
5% HE. The differences generally involved a change in
the position of two loci, with a maximum of three
changes in any one linkage group (Fig. 1). Where there
were differences in order, the marker orders produced
using outmAP were of higher likelihood than those pro-
duced by JoinmAP with the exception of linkage group
5, cross A, where the likelihood was the same for both
orders (Table 2).

While the changes in the ordering of loci in the A.
mangium maps were generally minor, they will affect the
precision of QTL mapping as well as being important
when comparing chromosome organisation among spe-
cies. In the majority of cases (14 out of 24) the changes
had no effect on the alignment of maps between the two
pedigrees (cross A and B) because the markers con-
cerned only segregated in one cross or the order was
changed in both crosses. In five cases the changes in or-
der improved the alignment of maps, while in the re-

maining five cases the changes resulted in differences in
order between cross A and B.

Map distances

The distances between markers estimated using ouTmMAP
often varied from those estimated using JjoiNnmMAP. The
differences were neither proportional nor in the same di-
rection. However, the overall lengths of linkage groups
estimated with ouTmAP were consistently higher than
those from JoiINnmAP (Table 3). This resulted in total map
length estimates from outmAP which were approxi mate-
ly 10% greater than from JoinmapP. A similar difference
was reported between joiNnmAP and MuLTIMAP (Butcher
and Moran 2000). The lower estimated map lengths from
JoINMAP compared to multi-locus likelihood programs
have been attributed to differences in the mapping algo-
rithms and to assumptions concerning cross-over inter-
ference (Qi et a. 1996). In the A. mangium data, loci



were sometimes mapped to the same position in JOINMAP
despite crossovers being evident in the progeny arrays.
This can occur because JoinmAP adjusts map distances
between a pair of markers based on the recombination
fractions between other pairs of markers, using a weight-
ed least squares analysis. It has also been argued that the
multi-locus likelihood methods of Lander and Green as-
sume an absence of interference, so where there is inter-
ference JoiINMAP will correctly produce shorter maps,
even when both programs use the Kosambi mapping
function (Stam 1993).

ouTMAP successfully handles all segregation types, de-
termines phase, provides a choice of three optimisation
methods and can calculate the likelihood of alternative
marker orders. It is specifically designed for analysing
segregation data from codominant loci in outcrossed ped-
igrees and deals effectively with phase ambiguous data.
The inherent risk of introducing errors when recoding da-
ta to suit the input format of different programs is avoid-
ed. In addition, there is no need to divide segregation data
into separate data sets for male and female meiosis. ouT-
MAP is therefore recommended for mapping in all out-
crossed pedigrees. Further details on use and distribution
of the package are available from the second author.
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