Chapter 14

Building Ultra-Dense Genetic Maps
in the Presence of Genotyping Errors
and Missing Data

Yefim Ronin, Dina Minkov, David Mester, Eduard Akhunoyv,
and Abraham Korol

Abstract Recent advances of genomic technologies have opened unprecedented
possibilities in building high-quality ultra-dense genetic maps. However, with very
large numbers of markers available for a mapping population, most of the markers
will remain inseparable by recombination. Real situations are also complicated by
genotyping errors, which “diversify” a certain part of the markers that would be
identical in error-free situations. The higher the error rate the more difficult is the
problem of building a reliable map. In our algorithm, we assume that error-free
markers can be selected based on the presence of “twins”. There is also a probability
of an opposite effect, when non-identical markers may become “twins” because of
genotyping errors. Thus, a certain threshold is introduced for the selection of mark-
ers with a sufficient number of twins. The developed algorithm (implemented in
MultiPoint software) enables mapping big sets of markers (~10°-109). Unlike some
other algorithms used in building ultra-dense genetic maps, the proposed “twins”
approach does not need any prior information (e.g., anchor markers), and hence can
be applied to genetically poorly studied organisms.

Introduction

Recent advances of genomic technologies have opened unprecedented possibilities
in building high-quality ultra-dense genetic maps. However, with very large num-
bers of markers available for a mapping population, most of the markers will remain
inseparable by recombination and will represent groups of co-segregating, or abso-
lutely linked markers (AL markers). In such cases, only one marker from each
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group could be placed on the map that can be referred to as a framework, skeleton,
or bin map; the remaining markers can then be attached to the skeleton map (Mester
et al. 2003; Korol et al. 2009; Ronin et al. 2010). The real situation is significantly
complicated by genotyping errors, which “diversify” a certain part of markers that
would be identical in the ideal situation of no errors. The higher the error rate and
the number of markers, the more difficult it is to build a reliable map (Buetow
1991). An additional complication is when a part of data points is missing, which is
common in the genotyping-by-sequencing (GBS) approach and cannot always be
compensated for by the imputation of missing scores.

Several approaches have been suggested for constructing high-density genetic
maps aimed at overcoming the aforementioned difficulties. The dominating strategy
includes various ways of building hierarchical framework maps (Isidore et al. 2003),
e.g. by combining the irresolvable markers of a linkage group into bins (groups of
“bound together markers”) in the first phase followed by joint ordering of the repre-
sentatives of these groups and singleton markers. Our approach to the ordering
problem is based on reducing it to the traveler salesperson problem (TSP) and
employing Guided Evolutionary Strategy heuristics for building the framework or
skeleton map (Mester et al. 2003, 2010; Ronin et al. 2010). An interesting alterna-
tive possibility of phasing the mapping analysis is by constructing a minimum span-
ning tree of a graph followed by improvement of the initial solution based on
TSP-inspired heuristics (Wu et al. 2008). For situations of ultra-dense mapping,
with thousands and dozens of thousands of markers per chromosome “contami-
nated” by typing errors, we propose a simple “twins” approach for selecting reliable
skeletal markers. Combined with our powerful discrete optimization heuristics, this
approach enables the mapping of very big sets of markers (e.g. 10°), i.e., suitable to
wheat genotyping with the 90 K iSelect chip as well as with the GBS approach. The
corresponding algorithms implemented in MultiPoint software were intensively
tested using simulated data and a set of 420,000 SNP and GBS markers of a wheat
DH population.

Geometry of Genotyping Space in the Presence of Marker
Typing Errors

The sample size (N) of mapping populations limits the marker density in the map.
Thus, for a DH population with N=200, the minimal non-zero recombination rate
between two adjacent markers cannot be less than 0.5 %. In the absence of errors,
all markers should appear in AL groups, with the distance between the groups >0.5
cM. Typing errors will lead to the erosion of these groups into “clouds” of falsely
different markers. Figure 14.1 illustrates the formation of such a cloud from a set L
of 11 AL markers in a multi-dimensional space of markers scored for a sub-sample
of 16 individuals from the mapping population. In an ideal error-free situation, all
11 markers would vary identically across the shown 16 genotypes: in the
16-dimensional space these markers are in the same state (aababbbaaaabbaba)
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Fig. 14.1 A geometric model (aababbbaaaabbbba)
of erosion of AL marker %

groups due to scoring errors
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and belong to the set L (represented as dots within the grey circle). Due to typing
errors, some of the markers change their 16-dimensional states and leave the set L
(white holes); corresponding genotypes will be erroneously recorded as “recombi-
nants”. The problem is how to select markers for building a reliable genetic map in
a challenging situation when the data set includes thousands of markers per chromo-
some while a certain proportion of markers are contaminated by erroneous data
points and a part of the data points are missing.

The Proposed Method and Algorithm

We propose a method of addressing these problems based on a simple idea that with
very large numbers of scored markers (e.g., thousands or dozens of thousands per
chromosome) and small-to-moderate population size, many markers will be irre-
solvable by recombination and should appear as groups of AL markers. But some of
AL markers will appear as “recombinants” if even a small proportion of scores per
marker are erroneous. Thus, we can trust more markers from groups of absolutely
linked markers compared to singleton markers. For sample size N and a proportion
of genotyping errors p per marker, the probability that in all individuals both alleles
of a marker will be unmistakably identified can be estimated under the assumption
that the typing errors are independent, as P = (1-p)"=e™. Assuming 1 % error rate
within a group of AL markers, about a third will still remain error-free. In a DH
population of N=100 individuals, for a chromosome length of 100 cM the mini-
mum interval length will be 1 cM. Consequently, the density of the map cannot be
greater than 101 markers. If we genotyped 10,000 markers of this chromosome,
only 100 markers (referred to as skeletal markers) can be ordered, whereas the rest
will remain absolutely linked to the skeletal markers. Thus, for building a skeleton
map one can select presumably error-free markers based on the presence of “twins”
in the sample, although there is also a small probability that non-identical markers
may become “twins” because of genotyping errors. Therefore, a certain threshold is
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Fig. 14.2 Scheme of the “twin” algorithm. Illustrated is the marker information flow in the pro-
cess of map construction

introduced in our algorithm for the selection of markers with a sufficient number of
twins. In regions with a lower density of recombination events (e.g., affected by the
centromeric effect on recombination), the map will be less affected by typing errors.

The major steps in our algorithm for building ultra-dense genetic maps (Fig.
14.2) implemented in MultiPoint software (www.multiqtl.com) include: (a) Forming
groups of markers with zero distance and selecting a “delegate” from each group
containing no fewer twins than the predefined threshold (equal 3 in Fig. 14.2); (b)
Except for twins of the candidates, all remaining markers are removed to the Heap;
(¢) Clustering the delegate markers and ordering the obtained linkage groups (LG);
(d) Filling gaps and extending LG ends using markers from Heap; (e) Removal of
markers violating map stability and monotonic growth of distance from a marker
and its subsequent neighbors.

Results and Discussion

Various algorithms have been proposed for building dense genetic maps, including
the stepwise increase of the map density (Jansen et al. 2001; Isidore et al. 2003;
Mester et al. 2003, 2010; Wu et al. 2008). This problem becomes especially chal-
lenging with the current widespread transition from a few hundred to tens or even
hundreds of thousands of typed markers per genome. It is well recognized that in
such a reality even 1 % of typing errors may lead to a dramatic reduction of map
quality, i.e., “more” (markers) may imply “less” (confidence in map quality, at least
on a microscale). The problem includes a few aspects: (i) computational
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complexity, related to the exponential growth of the number of potential marker
orders to be tested, (ii) the impossibility to resolve the vast majority of markers by
recombination under reasonable population sizes, and (iii) high impact of typing
errors on map quality. Our approach is based on the assumption that upon high
excess of irresolvable compared to resolvable markers and a low level of typing
errors, members of “twin” groups with minimum missing scores can be considered
as more credible markers compared to singleton markers.

For an illustration of the efficiency of our “twins” approach, two examples are
provided here: simulated data for one chromosome with 10,000 markers for a DH
population with N=200 (two variants of the same marker set were considered, with
and without marker typing errors), and real DH data on ~24,000 markers of wheat
chromosome 3B (the whole genome set included ~420,000 markers). In the first
example, the map length was 212 cM. For error-free data, the skeleton map included
197 markers. For data with 1 % typing errors, about 1/8 of the markers appear as AL
groups, while 7/8 of the markers appear as clouds surrounding AL groups, as
explained in Fig. 14.1 and illustrated by Fig. 14.3 (grey dots). Figure 14.3 illustrates
the distribution of markers with errors relative to the skeleton map (when it is
known, as with simulated data).

The analysis of simulated data with 1 % errors (Table 14.1) demonstrates how a
meaningful map can be obtained for such data when nothing is known about the
order of markers, which is a standard situation with non-model species. Obviously,
the result may depend on the threshold size of the AL groups to be represented in
the skeleton map. Thus, with threshold=4, AL groups with two and three markers
are excluded from consideration together with singletons (moved to heap) and the
first variant of the skeleton map is constructed (stage 1 of the procedure). Stage 2 is
cleaning the map. MultiPoint package enables the detection and removal of markers
violating the order stability and monotonic growth of distances in the skeleton map
(Ronin et al. 2010). After cleaning, markers from the heap can be checked as candi-
dates for filling in the gaps (if gaps are present in the obtained skeleton map). The



132

Table 14.1 Building dense multilocus maps based on selection of twin markers
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Threshold size of AL groups

Stage 2 3 4

1 M 318 122 98
L 384 218 208

2-3 M 158 141 145
L 218 219 218

M number of markers in the skeleton map, L skeleton map length (cM), the skeleton map build
using error-free marker data included 197 markers (L=212 cM)
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Fig. 14.4 Map of wheat chromosome 3B, the largest in the wheat genome (the figure is split into
two parts to fit the page size limits)

results in Table 14.1 show a relatively weak dependence on the arbitrarily selected
threshold of the AL group size and very good correspondence between the map
characteristics (the number of skeletal markers and length of the map) obtained
under zero and 1 % marker typing errors. Clearly, each of the remaining >9,800
markers can be attached to the corresponding interval or marker on the skeleton
map. Figure 14.4 shows the skeleton map of the second example, on wheat chromo-
some 3B (DH population, the total set included ~420,000 markers).
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