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INTRODUCTION
In genetics knowledge of haplotypes of individuals is often required. Current methods in use
for haplotype reconstruction are not developed for large numbers of markers with low
recombination rates and/or low information content such as SNP’s. This note describes an
algorithm that constructs the most probable haplotype even for dense marker maps with bi-
allelic markers within a reasonable time. Haplotype reconstruction of individuals with typed
parents is generally no problem (Nejati-Javaremi and Smith, 1996). If typed parents are not
available information from progeny has to be used. Several algorithms exist for that situation.
However, for methods such as Markow Chains, simulated annealing, expectation maximisation
or genetic algorithms (Kruglyak et al., 1996 ; Sobel and Lange, 1996 ; O'Connell 2000 ;
Tapadar et al., 2000 ; Rohde and Fuerst, 2001) the space of haplotype configurations in dense
marker maps tends to be too large in order to be finished within a reasonable time. A simple,
yet often effective method is to minimise the number of recombinations for each marker pair at
a time (Wijsman, 1986). We extended this method in order to deal with situations where some
of the markers in some of the offspring are not informative.

MATERIAL AND METHODS
To illustrate the method we will make use of two individuals illustrated in table 1. For
Individual 1 all three markers for each of three offspring are known. The number of
recombinations in the offspring with the designated parental haplotype is 0 for the left marker
pair and 2 for the right marker pair. The phase of the right marker pair thus has to be switched
in order to minimise the number of recombinations, resulting in haplotypes 112 and 221.

Table 1. Two individuals and the haplotypes inherited by their offspring used to illustrate
the new procedure for haplotype reconstruction

Individual 1 Individual 2

Designated haplotypes 1 1 1 1 1 1
of Mother 2 2 2 2 2 2
Haplotypes inherited
from mother by :

offspring 1 1 1 1 1 1 1
offspring 2 1 1 2 1 ? 2
offspring 3 2 2 1 2 ? 1

The simple rule is to count haplotype phases in the offspring ; the majority indicates the most
probable phase in the parent. However, with missing marker information the situation is more
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complicated. For individual 2 the haplotype phase for the middle marker is not known for two
of the three offspring, e.g. their parents were identical heterozygotes or the other parent was
not typed for that marker. Here we cannot count phases for each marker pair in all offspring.
Yet somehow we have to balance the information from the fully informative offspring
(designated haplotype is right) and that of the less informative offspring (it is wrong). For this
we use the recombination rates between the markers. To do so we use the following
procedure   :
1) Determine for each marker in the offspring the origin (maternal, paternal or unknown).
2) Determine for each marker interval in the offspring the distance between the closest

informative marker on the left and the closest informative marker on the right.
3) Determine whether the phase of these markers is in agreement with the designated

parental haplotype. For marker pairs in agreement the probability of the designated
parental haplotype being wrong is : Pwrong = 1-Θ and if not in agreement Pwrong = Θ (where
Θ = recombination rate between markers).

4) Compute for all marker pairs the total probability that the designated parental haplotype is

not the most probable as: 
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(where P = probability and O indicates offspring).
5) Change the haplotype phase for the marker pair with the highest probability if it is larger

than 50 %. Do this by switching the paternal with the maternal markers for all markers to
the left (or the right) of the marker interval in the designated parental haplotype.

repeat 1) to 5) until all probabilities are less or equal than 0.5.

For individual 2 (table 1) the procedure proceeds as follows : We assume a recombination rate
of 10 % between the left marker pair and 20 % between the right marker pair, resulting in 26
% between the extreme marker pairs (Haldane function). The Pwrong (step 3) are for the left
marker interval 0.10, 0.74 and 0.74 and for the right marker interval 0.20, 0.74 and 0.74,
resulting in a Pwrong,total of 0.474 and 0.669 respectively (step 4). Thus the haplotype phase of
the right marker pair has to be switched in the designated parental haplotype (step 5). Doing
that and recalculating Pwrong,total gives 0.014 and 0.331. The procedure then stops because all
Pwrong,total are below 0.5. Simulations (see further) indicated that this procedure will generally
find the most probable haplotype of the parent, provided that it is first run ignoring information
from marker intervals in offspring that are not fully informative, and then run using all marker
intervals.

Simulations. We generated families consisting of a sire, one or more dams and one or more
offspring to evaluate the effectiveness of our procedure. Each haplotype consisted of 100
markers in one linkage group at equal distances. Analysed marker distances varied from
0.5cM, to 10cM, thus total genome size analysed varied from 0.5 to 10 Morgan. A random
number generator assigned alleles to the sire and dam(s). Alleles were assigned in equal
frequencies. Number of alleles/marker varied from 2 to 8. Offspring haplotypes were
generated by drawing at random one of the two copies of the first marker from the sire and one
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from the dam. Subsequent markers were drawn from the same haplotype, unless a random
number drawn was smaller than the recombination rate. In that case drawing of markers
continued from the other haplotype. Number of offspring was varied from 1 to 64 per sire,
number of dams from 1 to 4.
Prior to analysis haplotypes of all individuals were rearranged by assigning the lowest allele
number to the paternal haplotype. The procedure described above was performed to
reconstruct the haplotypes of the sire. For each combination of parameters 1000 families were
generated and analysed. The effectiveness of the procedure was measured as the percentage of
runs in which the haplotypes was reconstructed perfectly, and as the average number of marker
pairs (out of 99) with the correct phase. Simulations were carried out by a computer program
written in Fortran 90.

RESULTS AND DISCUSSION
The percentage of perfectly reconstructed haplotypes and the number of marker pairs (out of
the 99 pairs) with incorrectly reconstructed phase were used to evaluate the effectiveness of
the procedure. Provided that enough offspring per dam were available, haplotypes could be re-
constructed perfectly regardless of marker distance and number of alleles/marker (figure 1). 

Figure 1. Effectiveness of the new procedure for haplotype reconstruction. Top : results
of simulations showing the effect of marker density and number of alleles per marker (2
dams/sire, 4 offspring/sire) ; bottom effect of number of offspring (2 dams/sire). Points
are average of 1000 reconstructions of sires. Right : number of perfectly reconstructed
haplotypes ; left : average number of marker pairs (out of 99) in wrong phase
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With a distance of 10cM at least 6 offspring per dam were needed for bi-allelic markers to
have less then 2 wrong marker pairs on average in the reconstructed haplotype of a sire mated
with two dams. This number increased to 8 if the sire was mated to only 1 dam, but decreased
to 3 if the number of alleles per marker was 6 or the marker distance was 5cM. In general,
number of dams per sire, with number of offspring per sire fixed, had no influence above 2
dams and only some if decreased to 1 dam per sire. Marker distance has more influence and
above 5cM it is important that enough offspring are available for the reconstruction of the
haplotype, especially for bi-allelic markers.
We ran analyses on a Windows Pentium processor PC. Time needed on our system to
reconstruct the haplotype of the sire ranged from less than 0.01 seconds for a family with 2
dams, 1 offspring each, 0.5 cM distance to less than 0.2 seconds for a family with 2 dams, 32
offspring each with a map distance of 10 cM. Although such times vary from system to system
it is clear that the procedure is indeed fast and thus suited for the analysis of dense marker
maps with lots of markers.
The procedure for haplotype reconstruction developed in this note works well for dense
marker maps. It cannot always reconstruct the complete haplotype correctly. In some cases this
is because there is simply not enough information available. If, for example, information on
only one offspring is available there may be even in a dense marker map no informative
(flanking) markers available for reliable haplotype reconstruction. In such cases there may be
several haplotypes with about equal probabilities. Our procedure can easily be extended to find
more than 1 probable haplotype. For each marker pair the probability is calculated that a
different phase results in a more probable haplotype. If this probability is at (or close to) 50 %
another haplotype with (almost) equal probability is indicated. So one may choose to carry out
subsequent analyses several times, i.e. for all haplotypes with at least a certain probability.
When marker maps are not dense the information from flanking markers becomes less reliable,
and consequently haplotype reconstruction is less often correct. The simulations in this note
provide guidelines to what marker distances and how large families are needed for this
procedure to be correct. Although for, for example, markers at more than 5cM this procedure
is less suited, it still may have use in these cases. One may first run our procedure to find a
haplotype close to the most probable haplotype, and use this haplotype as a starting point for,
for example a MCMC procedure or a genetic algorithm.
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