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Supplement on statistical methods for genetic map construction

Here we provide further details on the statistical methaggiuo construct the genetic map. Much
is repeated from the Mapping subsection of the Methods@eatithe paper, but we expand our
explanations in several areas.

Assessment of linkage between pairs of markers

We began by considering pairs of markers. For each pair deresi, we estimated the recombi-
nation fraction, between them (assuming no sex difference in recombinasiod calculated a
LOD score comparing the hypothesis that the two markersiked to the hypothesis that they
are not linked§ = 1/2).

Denoting the ordered parental genotypes at a marker as ABBnthe F progeny have genotypes
either AC, AD, BC or BD. However, precise genotypes for theegee markers were not observed;
rather, each marker exhibited two, three or four distinciddag patterns across the set of progeny.
The connection between banding patterns and the underfy@ngtypes was inferred as part of
the process of establishing linkage between marker pairsa¢h case, we considered all possible
assignments of genotypes to banding patterns.

We first considered all markers with four distinct bandingigras. While at a given marker, there
are 24 possible ways to assign banding patterns to genotygieimability to distinguish the order
of the two parents, or the order of the two haplotypes withpagent, results in 72 unique ways
to assign the banding patterns for two markers to genotypesa given pair, we consider each
of these 72 possible assignments, and estimate the recatairiraction between the markers
and calculate the LOD score for linkage, assuming the as®ghis the correct one. The inferred
assignment is that with the largest LOD score (and so the maxi likelihood). For a given
assignment, the recombination fraction can be estimatsthiyyly counting recombination events.
The log likelihood is the sum, across individuals, of the pwgbability of the observed two-locus
genotype; these probabilities are displayed in Table 1. score is the log likelihood ratio
comparing the hypothesis that the two loci are linked (amdguthe maximum likelihood estimate
of the recombination fractior)) and the hypothesis that the two loci are not linkeéa(1/2).

For each of the markers with just two or three distinct bagdgliatterns, we considered linkage to
each of the fully informative markers, and not to each othke establishment of linkage required
that we consider all possible partitions of the four markemaypes to the two or three observed
banding patterns. For example, for a marker with two bangatterns, the first banding patterns
could be assigned to a single genotype out of the four, to btieix possible pairs of genotypes,
or to one of the four possible groups of three genotypes. Tiare are 14 possible ways to assign
the four genotypes to the two banding patterns. For markestiwree banding patterns, there are
36 possible ways to assign genotypes to banding patterns.
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Table 1: Two-locus genotype probabilities, assuming knphase and no sex difference in recom-
bination.

Marker 1
Marker 2 AC AD BC BD
AC (1-60)%/4 0(1-0)/4 6(1—-0)/4 62 /4
AD 0(1—0)/4 (1—-0)2/4 62 /4 (1 —0)/4
BC 0(1—0)/4 62 /4 (1-6)%/4 6(1—-0)/4
BD 62 /4 0(1—0)/4 6(1—-0)/4 (1—-0)2/4

6 = recombination fraction

In establishing linkage between a partially informativerkea and a fully informative marker, we
again consider all possible assignments of marker genstigpbanding patterns. For each such
assignment, we again seek to estimate the recombinatictioinebetween the markers and a LOD
score for the test of linkage. But, in the case of a partialfpimative marker, estimation of the
recombination fraction can not always be accomplishedimplsi counting recombination events,
as for many individuals it will not be clear, for example, wiher there was no recombination or
two recombination events.

Consider, for example, the case of Table 2, in which the fistker has three banding patterns,
with one assigned to the pair of genotypes AD and BC. Ind&islwith that pattern at the first

marker and with genotype AD at the fully informative markeayrhave had no recombination
event or two recombination events.

Table 2: Two-locus probabilities for a fully informative mkar and a partially informative marker,
assuming no sex difference in recombination, for a givemection between marker genotypes
and banding patterns.

Marker 1
Marker 2 AC AD/BC BD
AC (1-6)%/4 0(1—06)/2 0%/4

AD  0(1-0)/4 [(1-02+62/4 0(1—6)/4
BC  0(1—6)/4 [(1—6)2+6%/4 6(1—0)/4
BD 0% /4 o1—0)/2  (1-0)*/4

6 = recombination fraction

To obtain the maximum likelihood estimate of the recombarafraction in such cases, we use
the EM algorithm (Dempster et al. 1977). This is an iterasilgorithm in which we begin with an
initial estimate of the recombination fraction, and themgghat estimate and conditioning on the
observed data, calculate the expected numbers of indilidtuaach of the 16 two-locus genotype
classes. (For example, suppose there are 5 individualsgaitiotype AD or BC at the partially
informative marker and genotype AD at the fully informatimarker. If our current estimate of the
recombination fraction is 0.2, then the expected numberaifiduals who are AD at both markers
is5(1—0)?/[(1—0)*+6?] ~ 4.7, and the expected number of indivduals who are BC at thegligrti
informative marker and AD at the fully informative markersig?/[(1 — 0)% + 62] ~ 0.3.) We
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then re-estimate the recombination fraction, using exgeecbunts for the 16 two-locus genotype
classes in place of true counts (which are unknown). Thegs®ts repeated to convergence. The
log likelihood is again the sum, across individuals, of g probability of the observed two-locus
genotype, but using probabilities from Table 2, or an analsgable.

Formation of linkage groups

The pairwise linkage results (among all fully informativeurkers and between the partially in-
formative markers and the fully informative markers) wesedi to establish linkage groups. Two
markers were placed in the same group if the estimated rdoaiidn fraction between them was
no more than 0.25 and the LOD score for a test of linkage wasaat 4.5. The transitive property
(if Ais linked to B and B is linked to C, then A is linked to C) wased to close the linkage groups.

Parental haplotype inference within each linkage group

We used the pairwise linkage information to infer the paakhtplotypes within each linkage

group, though recognizing that the order of the two parentsthe order of the two haplotypes

within each parent cannot be identified. (Thus, the hapksyip one linkage group cannot im-

mediately be attached to the haplotypes in another linkagepg) The haplotypes were formed

starting with a pair of closely linked markers, and then vimgkkhrough the rest of the markers in

the linkage group, considering one additional marker ana ti(For each marker pair, we used the
inferred connection between marker genotypes and the hgpditterns, from the pairwise linkage

information.)

Ordering of markers within linkage groups and multipoint estimation of inter-marker distances

Taking the inferred parental haplotypes to be known, maskaéer was determined by considering
all possible orders of markers or, for the larger linkageugsy all possible orders for a sliding
window of markers. The chosen order was that with the maxiriketihood (that is, the marker
order for which the observed data were most probable). phihi estimates of the recombination
fractions between markers were also estimated by maximketiHbod, assuming no crossover
interference. Likelihood calculations were performedtii@Lander-Green algorithm (Lander and
Green 1987). The estimated recombination fractions betwedgcent markers were transformed
to genetic distances using the Haldane map function. Afteriitial establishment of marker
order, we used the locations of markers within reftigs towefnarker order, when possible.

Large gaps in the estimated linkage maps indicated thelghbiysihat a linkage group should be
split in two. In such cases, we calculated a LOD score comgatie hypothesis that the two
linkage group should remain merged to the hypothesis thegt should be distinct. A linkage
group was split into two if this LOD score was not large 8). We similarly considered merging
pairs of linkage groups; doing so required the considemaifdhe 8 possible connections between
the inferred haplotypes in one linkage group with those ia@ad linkage group.

Pairwise linkage calculations, the establishment of lggkgroups, and the inference of parental
haplotypes, were accomplished with perl scripts writtegcHjr to the current data. The establish-
ment of marker order and the multipoint estimation of intearker distances were accomplished
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with R/qgtl (Broman et al. 2003), an add-on package for theegarstatistical software, R (lhaka
and Gentleman 1996).
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