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Summary

SNP ascertainment bias plays an important role in population genetics. This study aims at
elucidating the impact of the different steps in the array design on its magnitude. For this
purpose, the design of the Axiom™ Genome-Wide Chicken Array has been remodeled using
a set of 46 sequenced chicken populations. Estimates for the allele frequency spectra and the
expected heterozygosity have been contrasted against the estimates from whole genome
sequences and the original array. Major influences by the number of populations used for the
discovery of SNPs and the equal spacing of SNPs over the genome by genetic distances could
be demonstrated. It could also be shown, that there is more pronounced ascertainment bias
within populations used for SNP discovery, compared to other populations.
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Introduction

Population genetic statistics are mostly based on estimates of allele frequencies (AF).
Compared to whole genome sequencing (WGS) data, SNP arrays show a clear
underrepresentation of SNPs with extreme allele frequencies. This fact causes the widely
known SNP ascertainment bias (AB; Albrechtsen et al., 2010; Clark et al., 2005). To better
understand the sources of this bias, this study illustrates the effects of different steps of the
array design process on AB. For this purpose, the design process of the Axiom™ Genome-
Wide Chicken Array (www.affymetrix.com) was remodeled in a set of diverse chicken WGS.
AF spectra as well as expected heterozygosity (Hexp) will be compared to the WGS data and
the SNPs of the Axiom™ Genome-Wide Chicken Array.

Material and methods

The analysis is based on pooled as well as individual sequences of 46 chicken populations
(10 – 25 animals per population, in total 42 pools, composed of 10 individuals each, and 90
individual sequences; coverage individual 7x – 10x and pools 15x – 70x) out of different joint
projects of the Friedrich-Loeffler-Institut and the University of Goettingen. The populations
were divided into four groups for the array design. Eight populations were chosen for SNP
discovery: two non-commercial populations (White Leghorn, New Hampshire), one
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commercial white (White Leghorn) and three commercial brown layer lines (two Rhode
Island Red and one White Rock), and two commercial broiler lines. From the remaining
populations, 19 were randomly chosen for SNP validation, 18 populations were used for an
application of the array, and Gallus varius (GV) was used as an outgroup. The alignment
against the reference genome Gallus gallus 5.0 (Warren et al., 2017) and the SNP calling
were conducted according to GATK Best Practices (Broad Institute, 2016b), using
BWA 0.7.12 (Li, 2014), Picard Tools 2.0.1 (Broad Institute, 2015) and GATK 3.7 (Broad
Institute, 2016a). Only biallelic autosomal SNPs were used in all further analyses. Out of
these SNPs three different reference sets were defined: the unfiltered SNPs (28.5 M SNPs),
SNPs filtered using GATK 3.7 VariantRecalibrator (Broad Institute, 2016a; 20.9 M SNPs)
and array SNPs (540 k SNPs), which are the intersection of the unfiltered SNPs and the
SNPs of the Axiom™ Genome-Wide Chicken Array. The source for known SNPs to run
VariantRecalibrator was Ensembl (release 87; prior 2) and the SNPs of the Axiom™ Genome-
Wide Chicken Array were defined as true training set (prior 15). Filters have been set to
recover 95 % of the training SNPs in the filtered set.

Based on the unfiltered SNP set, the sampling of the SNPs for an approximately 600 k
sized array was remodeled in five steps according to Kranis et al. (2013). The first step was
the discovery of SNPs fulfilling basic criteria (quality ≥ 60; MAF ≥ 0.05; coverage ≤ mean +
3 SD) within the discovery populations ( 10.1 M SNPs). Within a second step, clusters
with less than 4 bp space on one side and 10 bp space on the other side of SNPs were
removed ( 8.2 M SNPs). In a third step, SNPs were chosen having approximately equal
spacing between SNPs within lines based on genetic distances (algorithm according to Kranis
et al., 2013; linkage map taken from Groenen et al., 2009;  1.9 M SNPs). The algorithm
initially sets up a backbone of SNPs segregating in all layers or all broilers and then fills the
gaps up to a predefined target density (667 SNPs/cM). Out of the following validation -step
~ 80 % of the SNPs were kept, which were variable in at least 8 of the 19 validation
populations ( 1.5 M SNPs). The fifth and last step was another downsampling, comparable
to step 3, but with no initial backbone, keeping all exonic SNPs (annotation using Ensembl
VEP; McLaren et al., 2016) and with a target density in broiler lines being three times the
target density in layer lines. This resulted in a final set of 594 k SNPs.

Figure 1: Alternative allele frequency spectra for the different SNP sets.

To obtain results being independent from the selection of populations for the different



population groups, the whole process was repeated 50 times with populations being randomly
assigned to be discovery, validation or application populations, while the GV population was
always kept as the outgroup. In a second run the number of discovery populations was varied
from 4 to 40 randomly chosen populations with 20 replicates. In a last run, there was a
variation of the equal spacing, as it was done with varying target density (33 – 3333
SNPs/cM) with 20 independent population groupings for each target density, including the
initial backbone as well as excluding it.

AF for individual sequenced populations were estimated from genotypes, whereas the
estimation for the sequenced DNA-pools was based on the allelic depth. To quantify AB, the
Hexp for the different populations was calculated. Additionally, the Hexp of the different SNP
sets were divided by the Hexp of the unfiltered SNP set and the means of the population
groups were tested for significant differences, using t-tests with Bonferroni correction for
multiple testing.

Results and discussion

For all ascertained sets the AF-spectra show a clear underrepresentation of rare SNPs (Figure
1). Simultaneously, this causes a systematic overestimation of Hexp (Figure 2). A significant
shift of the AF-spectra in the array design process can only be seen after the first step
(discovery) and the third step (equal spacing; Figure 1). As the MAF filter trims the ends of
the AF-spectra of the discovery populations, there is a clear differentiation between the
discovery populations on one side, and validation and application populations on the other
side. On top, there is a relatively higher overestimation of the Hexp of the discovery
populations compared to populations with similar Hexp from the unfiltered SNP set (Figure 2).
A ratio of Hexp of the different SNP sets to the Hexp of the unfiltered SNP set was calculated.
After step 1 (discovery) and step 2 (cluster removal), the ratios within the discovery
populations are by an increment of ~ 0.3 significantly larger (p < 10-9) than the ratios within
the validation and application populations. After step three (equal spacing) this difference is
less pronounced and no longer significant (Figure 2). The replications with 50 random
groupings confirm these results. Comparably to the remodeled SNP sets, the array SNPs of
the discovery populations show a highly significant overestimation (p < 10-4) of Hexp

compared to the other populations. However, a special case is demonstrated by the outgroup
(GV), where hardly any variable SNPs remain within the ascertained SNP sets. This leads to
an underestimation of Hexp, compared to WGS data.

Varying the number of populations in the discovery set clearly demonstrates a
dependency of the AB on the size of the discovery set, as the relative overestimation of the
discovery populations decreases with increasing number of populations in the discovery set
(Supplementary 1). The remaining overestimation of the discovery populations can be
explained by the MAF filter, which was only used for the discovery populations. Another
clear dependency on the Hexp is given by the target density within the equal spacing step
(Supplementary 2). The mean Hexp of the discovery populations is decreasing much faster
than the mean Hexp of validation and application populations with increasing target density.
This results in a relative overestimation of the Hexp of the discovery populations with low
target density and an underestimation with high target density, compared to the other
populations. Not including the backbone SNPs basically reduces the effect of overestimating
the Hexp in the region up to a target density of around 1000 SNPs/cM. As the estimates of Hexp

are on average basically similar within all population groups in the region of the 667
SNPs/cM, used for the first remodeling, this explains the differences to the Array SNPs, as



Kranis et al. (2013) had a higher influence of the backbone SNPs due to a higher initial
number of SNPs.

This study demonstrates that the use of SNPs of medium AF from few populations in
the initial step of the array design is the main cause of AB. This bias was found to be higher
in the discovery populations than in the validation and application populations. The size of
this bias largely depends on the number of populations used for discovery. Due to the equal
spacing, the general AB increases again, but the difference between populations decreases.
However, these relative differences are still visible in the SNPs of the Axiom™ Genome-
Wide Chicken Array, which can be explained by a higher influence of the backbone SNPs in
the design process.

Figure 2: Expected heterozygosity (Hexp) by population and SNP set. Populations are ordered
by the Hexp of the unfiltered set. Only the reference sets and relevant steps of the array design
are shown. Discovery populations are shaded with a grey background.
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Supplementary 1: Relation of the expected heterozygosity (Hexp) of the discovery SNP set
versus the unfiltered SNP set as a function of the number of discovery populations.

Supplementary 2: Relation of the expected heterozygosity (Hexp) of the SNPs after equal
spacing (step 3) to the unfiltered SNP set by target density in SNPs/cM and population group.
The smoothing lines show the trend and the algorithm was run including the initial backbone
SNPs (A) or not including them (B).


