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Summary

In the present study the recombination landscape of multiple pig F2 pedigrees is evaluated in
detail. Three of the pedigrees under investigation were generated from distantly related
founder breeds: Wild Boar, Piétrain and Meishan and the fourth pedigree originated from
closely related founder breeds: Piétrain and Large White or crossbred sows Large White ×
Landrace. Recombination rates and genetic maps were estimated from SNP chip data using
marker positions according to the current pig reference genome. The level of recombination
events varies within crosses, among breeds and individuals as well as across chromosomes or
regions within chromosomes. Although we observed a substantial heterogeneity in the
pedigrees, certain patterns specific to crosses, sex or chromosomes were identified. These
patterns depend on the extent of conservation of the local rate of recombination over time, on
the levels of diversity, efficiency or direction of selection, and the genome composition. The
current findings are aimed to have practical consequences for the genetic mapping of traits in
pigs.
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Introduction

Recombination is shaping the genomic architecture of organisms by producing new genetic
combinations every generation. This process of shuffling is the major source of genetic
variability upon which selection can operate in a natural or artificial manner. Among the
various domesticated pig breeds, either of European or Asian origin, the selection acted
mostly on very different traits thus specifically altering the genome landscape. In the present
study, we investigate aspects related to recombination rate (RR) and genetic maps in four pig
populations stemming from the following European and Asian founder breeds: Piétrain (P),
Large White (Lw), Landrace (L) and Meishan (M), as well as their wild ancestor: the Wild
Boar (W). The aim of the investigation was three fold: 1. Estimate a high density
recombination map of the pig based on the new reference genome; 2. Evaluate cross, sex and
chromosome specific differences; 3. Assess male specific rates and genetic map lengths.

mailto:iblaj@tierzucht.uni-kiel.de
mailto:iblaj@tierzucht.uni-kiel.de
mailto:iblaj@tierzucht.uni-kiel.de


Material and methods

Experimental populations

Four pedigrees were included in the analysis (Tab.1). The population PxLwL/Lw was
generated from closely related founders (Boysen et al., 2010) and the other three originate
from distantly related founder breeds (Rückert and Bennewitz, 2010). The F2 individuals and
the respective F1 and F0 ancestors were genotyped with the Illumina PorcineSNP60
BeadChip. SNP chromosomal positions were based on the current pig genome assembly
(Sscrofa 11.1). Genotype filtering was done using Illumina GenomeStudio software and Plink
(Purcell et al, 2007). Autosomal SNPs were further used and their number was on average
43K, except for the WxM data set which contained 37K SNPs. The statistical analysis was
conducted in R (Team, R. Core, 2014).

Table 1. Description of the study designs.
Design/Generation F0 males F0 females F1 males F1 females F2

PxLwL/Lw 5 Piétrain 8 LwL/Lw1 8 88 1785
MxP 1 Meishan 8 Piétrain 3 19 304
WxP 1 Wild Boar2 9 Piétrain 2 26 291
WxM 1 Wild Boar2 4 Meishan 2 21 312

1Large White x Landrace/Large White
2 the same Wild Boar founder

Haplotype reconstruction and inference of crossover events

The autosomal recombination events were inferred using LinkPhase3 software (Druet and
Georges, 2015) which performs phasing based on Mendelian segregation rules. The crossover
events (CO) are further identified as phase switches observed in the gametes. The output
consists of the crossover calls in each parent-child pair (F1-F2) and the genomic interval for
which the inference is made. Double CO occurring in windows of 1 Mb, CO intervals bigger
than half of the chromosome length and recombination fractions larger than 0.05 in 1 Mb
window were ignored. Moreover, only chromosomes with a maximum of 4 CO events were
further considered. Recombination fractions were estimated for every non-overlapping 1 Mb
window and converted into centiMorgans (cM) using the Haldane mapping function. For each
experimental population we calculated a sex-averaged, a female and a male recombination
rate and map. Additionally, individual genetic maps for 14 F1 males with more than one
hundred meiosis were constructed. Sex differences in the recombination rate distribution were
evaluated chromosome wise using the Kolmogorov-Smirnov test (KS test). Correlations
between cross specific, sex specific and male specific recombination rates were tested using
Pearson’s correlation coefficient at a chromosomal level as well as at a genome-wide level.

Results and Discussion

Recombination rates and maps

The crossover events inference for the F1 individuals revealed an average of 1.03 CO per
chromosome in PxLwL/Lw, 1.13 in MxP, 1.12 in WxP and 1.08 in WxM. A higher number of



events was identified in the females as compared to the males which lead to sex specific
differences in the recombination rates and as a consequence in the linkage map (Tab.2). The
longest genetic maps found were 1953 cM for the MxP and 1920 cM for the WxP cross,
respectively. In general, the sex-averaged, female and male genetic maps were shorter than
those previously published (Tortereau et al, 2012, Guo et al, 2009, Rohrer et al, 1996).
Furthermore, the estimated recombination rates were higher than reported by Tortereau et al
while using similar pedigrees and Sscrofa 10.2 as reference. Therefore, we ran our analysis
pipeline for the four study designs using the SNP positions according to Sscrofa 10.2. CO
filtering acted more stringent and together with the overestimation of the physical length of
the previous assembly led to lower RR and longer linkage maps. Thus, higher RR estimates
and shorter maps can be mainly attributed to the fact that we used the latest reference
genome.

Table 2. Characteristics of sex-averaged, female and male linkage maps.
Sex-averaged Female Male

Design Linkage
map (cM)

cM/Mb Linkage
map (cM)

cM/Mb Linkage
map (cM)

cM/Mb

PxLwL/Lw 1740 0.87 1952 1 1553 0.75
MxP 1953 0.96 2068 1.05 1643 0.79
WxP 1920 0.95 1905 0.97 1731 0.82
WxM 1864 0.92 1977 1.01 1591 0.75

The longest chromosome was SSC6 for PxLwL/Lw (120.39 cM), for MxP (149.84
cM) and for WxM (137.49 cM). However, in the WxP cross, the longest was SSC1 with
146.64 cM. With respect to map size and recombination rates, in general, female rates were
higher. Nonetheless, there are exceptions as previously described in other studies, specifically
on SSC1 and SSC13 for which male maps and rates are surpassing the female one.
Additionally, we identified a similar behaviour for other chromosomes in WxP (for SSC14
and SSC15) and in WxM (for SSC15), i.e. in the crosses stemming from the Wild Boar.

Sex differences in the recombination rate distribution were compared between males
and females, stratified by chromosome via the KS test. For SSC1, SSC3, SSC13 and SSC18
the distributions were consistently different in all four pedigrees, whereas for SSC5 and
SSC11 the RR came from the same distribution. Several factors such as chromosome length,
number of CO events identified in each sex, centromere position and particularity of the
genomic regions can be incriminated for the observed chromosomal sex differences.

Male specific differences

Different genetic lengths and recombination rates were observed for females and males in the
four pedigrees. In each of the crosses the male chromosomal genetic maps exhibited similar
lengths, except for SSC1, SSC2 and SSC14 (Fig.1). The observed differences are due to
sequence variation and different informative markers within the males used.



Figure 1. Male-averaged chromosomal genetic maps for the four pedigrees.

Individual recombination rates and maps were estimated for the F1 boars for which we
had more than one hundred meiosis available. The correlation of the RR at a genome level
among the eight boars in PxLwL/Lw varied between 0.51 and 0.62. For the two boars in WxP
we calculated a 0.55 correlation coefficient while between the males in MxP and WxP the
correlation was 0.42 for both. The WxP and WxM crosses stemmed from the same Wild Boar
founder male therefore we also assessed the similarity among the four F1 boars. We found an
average correlation of 0.41 suggesting that the crossing with the female Piétrain and Meishan
founders reshaped the recombination landscape at a genome level. Regarding the overall
genetic map length, the shortest map was observed in one male from the European breed
cross (1461 cM) and the longest map was recorded in one of the F1 boars in WxP cross (1719
cM) implying the individual male differences can be substantial.

Conclusion

We report in this study the first, to our knowledge, recombination map of the porcine genome
based on the newest reference genome assembly, with more precise localization of crossover
events and a broad coverage of segregating variation due to the various founder breeds. The
study is aimed to contribute to the recombination picture in the Sus scrofa population, to
understand how domestication and breed development impacted the recombination landscape
and, last but not least, to assist in the genetic mapping of relevant traits.
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