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Summary

Meiotic recombination ensures proper segregation of homologues chromosomes in meiosis
while also breaking down linkage disequilibrium and creating novel haplotypes by shuffling
alleles of genes located on the same chromosome. Understanding how rates and distribution
of meiotic recombination vary between populations, sex and individuals is of particular
interest in breeding as it can break up unfavorable linkage and produce genetic variance to
exploit in selection. In this study we use dense SNP marker data on full-sib families from
Norwegian Red cattle, an Atlantic salmon breeding population and five different pig breeding
populations to investigate the genetic variation in individual measures of recombination
within and between domestic species. All three species exhibit marked sex differences, but
with different direction and magnitude. Genome-wide rates are higher in females in pigs and
Atlantic salmon, but higher in males in cattle. Heritability of genome-wide rates of
recombination was low but significant in both sexes in all three species (ranging from h? =
0.04 in female cattle to 0.12 in male Atlantic salmon) which is comparable to estimates in
other mammalian species. We detected five regions associated with variation in individual
recombination rates in pig with candidate genes associated with meiosis, namely PRDM?7,
MEII1, RNF212, SYCP2 and MSH4. In cattle, three loci were significantly associated with
the trait with four candidate genes that have all been associated with individual
recombination rates previously: CEP55, NEK9, MLH3 and RNF212b. The sex specific
patterns of recombination in pigs and Atlantic salmon lead to marked differences in the
amount of intrachromosomal shuffling of alleles in maternal and paternal gametes, however it
is not clear how this affects the overall genetic shuffling in a breeding population across
generations. The genetic variation, and oligogenic architecture suggests a potential for
genetic change in overall rates and distribution of recombination in these populations.

In summary, the findings in this study contribute to the understanding of the genetic
mechanisms underlying recombination rate variation and how this relates to variation in

genetic shuffling in a breeding population as well as in natural populations



Samandrag

Rekombinasjon sikrar korrekt fordeling av dei homologe kromosoma i meiosen og
samstundes brytar opp koplingsulikevekt og produserer nye haplotypar ved & stokka om pa
allel fra gen p& same kromosom. Forstaing av korleis rekombinasjonsratar og fordelinga av
overkryssingar langs genomet varierer mellom populasjonar, kjenn og individ og er av
spesiell interesse for avl fordi det kan bryta opp uenskt kopling av gen i same kromosom og
slik produsera genetisk variasjon som kan nyttast i seleksjon. I denne studien bruker vi SNP-
genotype-data pé fullseskenfamiliar frd Norsk Radt Fe, ein avlspopulasjon av
atlanterhavslaks, og fem forskjellige rasar av gris, for & studera genetisk variasjon i
individuelle rekombinasjonsratar innan og mellom domestiserte artar. Det er tydelege
forskjellar mellom kjonn i alle dei tre artane, men i ulik grad og i forskjellig retning. Hos gris
og laks er total rekombinasjonsrate hogare for hokjenn, men hos storfe er
rekombinasjonsraten hegare for hannar. Arvegraden for tal overkryssingar er 14g, men
signifikant, hos alle dei tre artane og for begge kjonn (varierer fr h? = 0.04 for storfe hokjenn
til 0.12 for hannlaks). Dette er liknande niva som for estimat hos andre pattedyr. Vi
observerte fem loci med assosiasjon til variasjon i individuelle rekombinasjonsratar hos gris,
med folgande kandidatgen: PRDM7, MEI1, RNF212, SYCP2 og MSH4 er. Hos storfe er tre
loci signifikant assosierte med variasjon i rekombinasjonsrater og det er fire kandidatgen som
alle har vore assosierte med individuelle rekombinasjonsratar i tidlegare studiar: CEP55,
NEK9, MLH3 og RNF212b. Dei kjenns-spesifikke fordelingane av rekombinasjonen hos gris
og laks forer til tydelege forskjellar i stokking av allel i maternale og paternale gametar, men
det er ikkje klart korleis dette verkar pa den generelle genetiske stokkinga av allel pa tvers av
generasjonar i ein avlspopulasjon. Den genetiske variasjonen og antydninga av oligogen
determinisme tyder pé at det finst eit potensiale for genetisk endring i rekombinasjonsrate og
fordeling av overkryssingar i desse populasjonane. Oppsummert bidrar resultata i denne
studien til forstding av dei genetiske mekanismane som verkar pa variasjonen i
rekombinasjonsratar og korleis dette relaterer til variasjon i genetisk omstokking i ein

avlspopulasjon eller i ein naturleg populasjon.
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Glossary and clarification of terminology

Achiasmy
When the male or female of a species completely lack meiotic recombination

Aneuploidy
wrong number of chromosomes in a gamete or individual compared to the karyotype
of the species

Crossover interference
When a crossover in one location reduces the chance of a crossover occurring in close
proximity, resulting in widely spaced crossovers along chromosomes.

Heterochiasmy
When the two sexes of a species exhibit differential rates of recombination

Heterogametic
The heterogametic sex is the sex in which the two sex chromosomes are different in a
species with genetic sex determination

Homeologue
A pair of distinct chromosomes that have emerged from a genome duplication and
exhibit high sequence similarity

Homologue
A pair of chromosomes that share the same physical structure, i.e the maternally and
paternally inherited chromosome in a diploid cell

Recombination
Exchange of genetic information between maternal and paternal homologues
chromosomes. A recombination can result in a crossover, where the rest of the
chromatin following the crossover is exchanged, or a non-crossover where only a
small DNA sequence is exchanged or copied. Throughout this thesis, recombination
refers to the crossover recombination.

Abbreviations

ACC — Autosomal crossover count
¢M — centimorgan

CO — crossover

GWA — Genome-wide association

Mb - Megabases

WGD — whole genome duplication



List of papers

The following papers are included in the thesis and referred to in the text by their roman
numbers.

L.

I1.

I11.

IV.

Brekke, C., Berg, P., Gjuvsland, A.B., Johnston, S.E. (2022). Recombination rates
vary between breeds, sex and individuals in the domestic pig and is associated with

RNF212, SYCP2, PRDM7, MEII and MSH4. Submitted manuscript

Brekke, C., Johnston, S.E., Gjuvsland, A.B., Berg, P. (2022). Individual
recombination rates are heritable and associated with RNF212b, NEK9, MLH3 and
CEPS5S5 in Norwegian Red cattle. Manuscript

Brekke, C., Johnston, S.E., Knutsen, T., Berg, P. (2022). Genetic variation in genome
wide recombination rates and genetic shuffling in an Atlantic salmon breeding
population. Manuscript.

Brekke, C., Johnston, S.E., Gjuvsland, A.B., Berg, P. (2022). Variation in patterns of
recombination result in genetic variation in intrachromosomal shuffling in the

domestic pig. Submitted manuscript



1. General introduction

1.1 Meiotic recombination

In sexually reproducing eukaryotic systems genetic material is transmitted to the next
generation by producing haploid germ cells that are created through the meiotic process.
During early prophase 1 of meiosis, the maternal and paternal homologues chromosomes
align. Homology search is enabled by double-strand breaks along the DNA (Lenormand et
al., 2016). An important part of this process is meiotic recombination, where double strand
breaks in the homologues DNA strands cross over and genetic material between the
homologues chromosomes is exchanged. This process ensures that chromosomes align at the
correct position (Fledel-Alon et al., 2009), but because this also leads to a novel combination
of the parental alleles, meiotic recombination is an important evolutionary force creating
haplotypic diversity in each generation. Meiotic recombination has shown to be under tight
regulation both in number and distribution. Most species studied have one obligate crossover
per chromosome (Stapley ef al., 2017). Because of the vital role in correct alignment,
recombination ensures proper segregation of chromosomes, and a lack of this obligate
crossover can lead to aneuploidy, which is usually lethal (Sherman et al., 1991; Hassold et
al., 1995; Koehler et al., 1996). Exactly how the number of crossovers and their distribution
is controlled remains to be fully understood, but some principles have been established. Most
species studied display a level of crossover interference ensuring that when a crossover
happens in one region, a new crossover cannot occur in close proximity (Lenormand et al.,
2016). Many species exhibit recombination hotspots along the genome, for example in human
more than 80% of crossovers happen in regions covering only 10-20 % of the genome (Coop
and Przeworski, 2007). The gene PRDM9 has been identified as a fast-evolving gene that
drives this variation in hotspot usage across taxa (Baudat et al., 2010). However, some
species, like Drosophila and dogs do not have defined hotspots and lack the PRDM9 gene
completely (Mufioz-Fuentes, Rienzo and Vila, 2011; Smukowski Heil ef al., 2015).



1.2 Why relevant for breeding

Genetic variation is a prerequisite for evolutionary change of a population and genetic gain in
a breeding population. In each generation, individuals with combinations of alleles favorable
for the traits of interest in a population will be selected to produce offspring in the next
generation. Most of the reshuffling of alleles from one generation to the next is due to
independent assortment of loci located on different chromosomes, Mendels second law.
However, if two different genes affecting traits of interest are linked on the same
chromosome, reshuffling of these alleles require meiotic recombination. The number and
location of recombination events affect how many pairs of loci are shuffled during meiosis
(Veller, Kleckner and Nowak, 2019). Despite this, the effect of variation in rates and
distribution of crossovers on the amount of genetic shuffling in a population has received
little attention in breeding. And it would be of interest to better understand the impact of
recombination for the production and maintenance of genetic variation in a breeding

population.

1.3 Status of knowledge genetic variation in recombination

1.3.1 Difference between species and populations

Genome-wide rates of recombination vary within and between species, sex and individuals in
virtually all species studied to date (Lenormand and Dutheil, 2005a; Smukowski and Noor,
2011; Ritz, Noor and Singh, 2017; Zelkowski et al., 2019). There are a few examples of
species with extreme rates of recombination compared to other species, like social insects
such as honeybees and bumblebees with rates as high as ~ 26 and ~9 ¢cM per Mb, respectively
(Kawakami et al., 2019). However, across most species studied to date there seems to be a
shared magnitude of variation in crossover count (Ritz, Noor and Singh, 2017). A general
rule of thumb that holds across an impressive number of species is that one recombination
event occurs per chromosome arm (Coop and Przeworski, 2007). However, even with similar
rates of recombination, two species may display very different distributions of crossovers,
where in some species recombination rates are relatively evenly distributed along the genome
other species may display elevated rates in telomeric or centromeric regions (Martinez-Perez

and Colaiacovo, 2009; Stapley et al., 2017).



1.3.2 Difference between sex

Sex differences in rates of recombination has been of interest for decades (Dunn and Bennett,
1967; Burt, Bell and Harvey, 1991; Barton and Charlesworth, 1998; Lenormand and Dutheil,
2005). The extreme version is species where only one of the sexes recombine, known as
achiasmy, forexample in Drosophila (Brooks and Marks, 1986). But also, in species where
both sexes recombine, there is usually a level of variation in recombination rate or landscape
between males and females, referred to as heterochiasmy (Mank, 2009; Stapley et al., 2017).
Despite the large interest in this phenomenon, it remains to be fully understood. One
longstanding theory is that because recombination between two different sex chromosomes
can be detrimental, lower recombination rates have evolved in the heterogametic sex. This
theory holds for most achiasmate species studied, but not in heterochiasmate species, where
there are many examples of species where the heterogametic sex display higher
recombination rates (Sandor et al., 2012; Ma et al., 2015; Johnston et al., 2016; Petit et al.,
2017). Even though the mechanisms and evolutionary forces leading to heterochiasmy remain
to be fully understood, sex is generally established as the main driver of variation in
recombination rates within a population, even in species that don’t have sex chromosomes,
like the saltwater crocodile (Isberg et al., 2006) and salmonid fish (Sakamoto ez al., 2000;
Lien et al.,2011).

1.3.3 Individual rates of recombination

Genetic variation in individual recombination rates have been a topic of great interest the last
decades. In mammals in particular great insights into the genetic architecture of the trait has
been achieved (Kong ef al., 2014; Ma et al., 2015; Johnston et al., 2016; Petit et al., 2017,
Wang et al., 2017; Johnston, Huisman and Pemberton, 2018; Johnston, Stoffel and
Pemberton, 2020; Johnsson ef al., 2021). Phenotypic variation explained by genetic variation
is usually around 10-15% but estimates as low as 5% in some pig breeds (Johnsson et al.,
2021) and as high as 46 % in house mice populations (Booker, Ness and Keightley, 2017)
have been presented. Several genes are reported to have an effect on the trait, and some of
these genes, like RNF212, RNF212B and RECS are observed in a variety of species like
cattle(Sandor et al., 2012), soay sheep (Johnston et al., 2016), domestic sheep (Petit et al.,
2017), Red deer (Johnston, Huisman and Pemberton, 2018), and human (Kong ef al., 2014).
Overall, results point to an oligogenic control of the trait, and even though some genetic
architecture seems to be conserved between distantly related species and even across taxa,

some genes that have a high effect on the trait in some species are completely lacking in



others, for example drosophila lacks RNF212 and Rec8 entirely, but still exhibit genetic

variation in the trait, associated with other genes (Hunter et al., 2016)

1.4 Populations in this study

In this study, recombination rate variation is studied in commercial breeding populations, one
cattle breed, Norwegian red cattle from the Norwegian breeding company Geno SA, five pig
breeds; Norwegian landrace, Norwegian Duroc, Large white, Piétrain and a synthetic breed
from the Dutch/Norwegian pig breeding company Topigs Norsvin SA and Atlantic salmon
population from the Norwegian breeding company Aquagen. Cattle, pigs and Atlantic
salmon are the three most important species economically for breeding in Norway. The
breeding work on these three species have therefore included extensive genotyping for
several years. A high number of genotyped individuals with accurate pedigrees make these

populations well suited for studying individual recombination rates.

1.4.1 Norwegian red cattle

The breeding work on the Norwegian red cattle dates back to 1935 and the basis of the
population is a mix of imported Ayrshire from Scottland and Swedish red as well as many of
the different landraces in Norway; Trenderfe, Telemarksfe, Dolafe, Redkolle and Ser og
Vestlandsfe. The Breeding work on Norwegian red cattle implemented genomic selection in

2016 and have since genotyped around 30 000 individuals yearly.

1.4.2 Norwegian and dutch pig breeds

The breeding work of the Norwegian pig breeding company Norsvin started in 1958. The
Norwegian Landrace have been a closed breeding population since the beginning with no
introgression from other breeds. In 2014 Norsvin merged with the Dutch pig breeding
company Topigs and the company Topigs Norsvin today has active breeding on the five
breeds in this study Norwegian Landrace, Norwegian Duroc, Piétrain, Large white and a
synthetic mixed breed. Genomic selection was implemented in 2012 and individuals from all
five breeds are genotyped every year making it possible to study genetic variation within and

across breeds in these datasets.



1.4.3 Atlantic Salmon

The breeding work on Atlantic salmon in Aquagen dates back to 1971. Atlantic Salmon from
40 different Norwegian rivers and 1 Swedish river made up the basis of the breeding
population at that point. After implementation of genomic prediction in the breeding work in
2016, thousands of individuals are now genotyped per year. Both male and female breeding
individuals can have several hundreds of genotyped offspring resulting in a high number of

repeated measures on individual crossover counts.
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1.5 Objectives and aims

In this thesis, breed and sex specific rates and distribution of crossovers was estimated in five
domestic pig breeds, Norwegian red cattle and an Atlantic salmon breeding population. The
aim was to:

- Determine whether individual recombination rates were heritable in these
breeding populations and identify potential loci associated with the observed
variation in recombination rates.

- Compare estimates of variation in recombination rates within and between sex,
breeds and species in this study to contribute to the understanding of how patterns

of recombination may evolve across species and populations.

11



2. Material and Methods

2.1 Summary of datasets

In this project genotyped breeding populations with pedigree information are used to detect
recombination events. Data for paper 1. and IV. is on five different pig breeds provided by the
Dutch and Norwegian pig breeding company Topigs Norsvin. The dataset in paper II. Is on
the Norwegian red cattle breed provided by Geno SA. The data on Atlantic Salmon in paper
III. is from the breeding company Aquagen SA. The datasets are described in detail in the

respective papers. An overview of the datasets is provided in table 1.

FIDs
Species Individuals  Families Breeds markers Male Female
Pig 257295 26 048 5 50 705 1204 15176
Cattle 110 555 19603 1 35880 603 14 815
Atlantic salmon 128 363 1952 1 35715 621 416

Table 1. Total number of genotyped individuals, number of three generation full sib
families, SNP is number of markers with genotypes, FIDs is number of unique males and
females where recombination rates could be measured.

2.2 Methods

2.2.1 Pipeline

The following pipeline was developed to quantify individual rates and patterns of
recombination which made the basis of all analysis in the project. The methods are described
in detail in the respective papers, but a general overview is given here and illustrated in
Figure 1. The pedigrees were sorted into three generation full sib families where each unique
sire dam mating pair in the pedigree made the basis of a family (Figure 1A). Number of full
sib families are presented in table 1. Sex and breed specific linkage maps were constructed
with the software Lepmap3 (Rastas, 2017) to obtain population level and genome wide
patterns and rates of recombination (Figure 2A). Number and location of individual
recombination events were obtained from the phased offspring gametes (Figure 2C) and
assigned as an observation in the parent where meiosis took place. Parents are hereafter

referred to as the focal individuals or FIDs. Resulting in a dataset with related individuals

12



with repeated observations on measures of recombination. Further, variance components for
the traits were estimated with DMU (Madsen ef al., 2014) and genome-wide association
analysis was carried out with the GCTA software (Yang et al., 2011) (Figure 1D).
Development of scripts for data manipulation was done with R (R Core Team, 2020) and
Bash (Ramey, 2011). Plots and figures were made with base R or ggplot2 (Wickham H,
2016).

Mb

0001111101111110000 ;
0001111101111110000 i

0011101101001010010

0011101101001010010 - :
0011101101001010010 > aibaal bl
0011101101001010010

0011101101001010010 y=Xp+Zu+te

Figure 1. Pipeline developed for analysis of genetic variation in individual measures of
recombination. 1A is the three-generation full-sib family structure the pedigrees were
ordered into. 1B illustrates sex sepsific linkage map construction. 1C shows phase
information of gametes, from where number and position of individual crossovers were
detected. And 1D illustrates genetic analysis performed on the datasets obtained with the

pipeline.
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ABSTRACT

Background: Recombination is a fundamental part of mammalian meiosis that leads to the
exchange of large segments of DNA between homologous chromosomes and is therefore an
important driver of genetic diversity in populations. In breeding populations, understanding
recombination is of particular interest because it can break up undesired linkage and produce
novel combinations of alleles to exploit in selection. In this study, we use dense SNP marker
data and pedigree information to look at individual and sex-specific variation and genetic

architectures of recombination rates within and between five pig breeds.

Results: In agreement with previous studies recombination rates were higher in females than
males for all breeds and all chromosomes except 1 and 13, where male rates were slightly
higher. There was variation in total recombination rate between the breeds, but the pattern of
recombination along chromosomes was well conserved across breeds for the same sex. The
autosomal linkage maps spanned a total of 1731 to 1887 ¢cM for males and 2231 to 2515 cM
for females. The heritability for individual autosomal crossover count ranged from h? = 0.04
to 0.07 in males and h? = 0.08 to 0.11 in females. We found 14 regions associated with
individual autosomal crossover count: two peaks had novel candidate genes, PRDM?7 and
ME]II, that are involved in meiosis but have not been previously associated with individual
recombination rate; and four peaks were close or within candidate genes that have been
associated with individual recombination rates in pigs and other mammals previously, namely

RNF212, SYCP2 and MSHA4.

Conclusions: This study shows that genetic variation in autosomal recombination rate
persists in domesticated species under strong selection, with differences between closely

related breeds and marked differences between the sexes. Our findings support results from
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other studies that recombination rates have an oligogenic and relatively conserved genetic

architecture in mammals.

Background

Meiotic recombination is the event in meiosis where double strand breaks are resolved as
crossovers, resulting in recombined homologous chromosomes. Recombination therefore
leads to haplotypic diversity by breaking up linkage within chromosomes and creating novel
combinations of alleles for selection to act upon. Recombination also has an important
function in the proper segregation of homologous chromosomes in meiosis, and its absence
can often lead to nondisjunction in meiosis and aneuploidy in the resulting gametes (Sherman
et al., 1991; Hassold et al., 1995; Koehler et al., 1996; Fledel-Alon et al., 2009). Hence, most
species have at least one obligate crossover per chromosome pair (Stapley et al., 2017).
However, recombination can also break up beneficial allele combinations previously
favoured by selection (Barton and Charlesworth, 1998) and double strand break formation
can increase the risk of mutations and chromosomal rearrangements (Arbeithuber ef al.,
2015; Halldorsson et al., 2019). These benefits and costs were thought to tightly regulate the
rate of recombination (Coop and Przeworski, 2007), yet recombination rates have been found
to vary to a large degree across a diverse range of taxa (Ritz, Noor and Singh, 2017; Stapley

etal.,2017).

In the last decade, studies of variation in recombination rates have been conducted in a
number of mammal populations, including model species such as mice (Dumont, Broman
and Payseur, 2009; Wang et al., 2017), domestic species such as pigs, cattle and sheep (Ma et
al., 2015; Petit et al., 2017; Johnsson et al., 2021), and natural populations such as humans,

Soay sheep and Red deer (Halldorsson ef al., 2019)(Johnston ef al., 2016; Johnston, Huisman
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and Pemberton, 2018)(Petit et al., 2017; Johnsson et al., 2021). Recombination rates often
have substantial genetic variation in most species studied, with heritabilities (/%) ranging
from 5% in pigs (Johnsson et al., 2021) to 46% in house mice (Dumont, Broman and
Payseur, 2009). In addition, most mammals are heterochiasmate (i.e. both sexes recombine,
but at different rates), but the direction and degree can vary even between closely related
species (Burt and Bell, 1987). Some loci have repeatedly been found to be associated with
individual recombination rates in mammals, including RNF212, RNF212B and RECS (Kong
et al., 2008; Sandor et al., 2012; Johnston et al., 2016; Petit et al., 2017; Johnston, Huisman
and Pemberton, 2018; Halldorsson et al., 2019), suggesting that some of the genetic
architecture of the trait is well conserved across species. However, there are also novel
candidate loci that may be specific for the species studied or that for other reasons have not
been detected in previous studies (Kadri et al., 2016; Halldorsson ef al., 2019; Johnsson et
al., 2021). Hence, there is still significant interest in understanding the genetic mechanisms

that drive changes in recombination rate within populations.

In breeding populations, understanding recombination is of particular interest because it can
break up undesired linkage and produce novel combinations of alleles to exploit in selection.
Higher recombination rates may help quantitative traits respond to selection faster and
potentially to a greater degree (Battagin et al., 2016) as they can increase additive genetic
variance for selection on fitness and production-related traits (Charlesworth and Barton, 1996).
This potential advantage has led to long-standing theory that domestication has indirectly
selected for increased recombination rates in domestic mammals (Burt and Bell, 1987), although
this view has been challenged by more recent studies where domesticated species are found

to have lower recombination rates than their wild counterparts (Munoz-Fuentes et al., 2015).
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In this study, we use genomic data from more than 50,000 SNP loci and extensive pedigrees
in five domestic pig breeds (Sus scrofa) to study genetic architecture and variation in
individual autosomal crossover count (ACC) in more than 250,000 pigs. Our objectives were
to: (a) construct high density linkage maps to characterise sex-specific recombination
landscapes; (b) characterise the genetic architecture of ACC by determining its heritability
and identifying individual loci associated with variation; and (c) examine differences in ACC

and its genetic architecture between different breeds and sexes.

MATERIALS AND METHODS

Breeds
This study focused on five purebred commercial breeding populations with pedigree and
genotype data: two sow breeds, Landrace (LR) and Large White (LW); and three boar breeds,

Duroc (DU), Synthetic (SY) and Pietrain (PI).

Genotype data

Genotypes were available from two different medium density SNP chips: Illumina GeneSeek
custom 80K SNP chip and Illumina GeneSeek custom 50K SNP chip. The physical positions
of the SNPs were determined based on the Sscrofall.l reference genome. The two SNP
arrays have 50 705 SNPs in common. The data was filtered to remove loci with minor allele
frequencies < 0.01, call rate < 0.95 strong deviation from Hardy Weinberg equilibrium (x>
600). The sex chromosomes were not included in the study. An overview of the number of
markers and animals from the five populations can be found in Table 1. This genotype set
will be referred to as the S0K set. A set of imputed genotypes to 660K (Axiom Porcine
Genotyping Array) was available for all breeds, this dataset will be referred to as the 660K

set.

19



Table 1. Genotype data information

Line Nr of markers Nr of animals Males Females
LR 50705 70943 11685 59258
DU 50705 17137 8397 8740
Lw 50705 95613 32683 62930
PI 50705 22784 15009 7775
SY 50705 50818 30198 20620

Number of animals and SNP markers in the datasets after filtering for minor allele
frequencies < 0.01, call rate < 0.95 strong deviation from Hardy Weinberg (x>> 600), markers
on sex chromosomes and unmapped markers.

Full-sib family pedigrees

For each breed, we sub-divided pedigrees into three-generation full-sib families, where each
unique dam and sire mating pair combination (hereafter referred to as focal individuals, or
FID) was included with their parents and offspring. This allows for phasing of the FID and
offspring genomes and determining the recombination that occurred in the gamete
transmitted from an FID to its offspring. An FID can be in several different full-sib families
(i.e., when mating with a different individual), but the above design means that each
individual meiosis is only counted once. An example of a three-generation full-sib family is
illustrated in Figure 1. Only families with at least one offspring, two FIDs (parents) and all
four grandparents genotyped were included. An overview of the number of families and

unique FIDs can be found in Table 2.
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Figure 1 Illustration of the full sib family structures.
The focal individuals (FIDs) in the study are the parents, in black, and the recombination
events studied are the ones transmitted in gametes from the FIDs to the offspring.

Table 2. Full-sib family datasets

Line Nfam Nobs Noffspring/family Sires Dams
LR 7295 74534 1-24 319 4808
DU 5101 18365 1-18 192 1687
LW 6845 82196 1-24 273 4695
PI 2370 24198 1-27 196 1353
SY 4437 51245 1-20 224 2633

Nfam is the number of families in each line. Nobs is the total number of observations within
each line, i.e. total number of meioses. Noffspring/family is the range in number of offspring in the
families. Sires and dams are the number of unique male and female FIDs in each line.
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Linkage mapping

The markers were physically mapped using positions on the Sscrofal 1.1 reference genome.
This was done by extracting flanking sequences for each marker from the chip manifest files
and aligning them to the 11.1 reference genome using the bwa software (Li and Durbin,
2009). We then constructed the population specific linkage maps with LepMap3 (Rastas,
2017) using the linkage groups and marker ordering from the physical mapping. The
filtering2 module was run to filter markers based on segregation distortion, with
dataTolerance = 0.01 as suggested for multi-family datasets. The Seperatechromosomes?2
module was used as a filtering step rather than to identify the linkage groups from scratch;
each set of SNP markers in a previously known linkage group was run through the module,
and markers that were not assigned (LOD score < 5) to the main linkage group were
excluded. The number of markers in the final linkage maps can be found in Supplementary
Table 3. The Ordermarkers2 module was run with the option to evaluate the given marker
order, i.e. to calculate the centimorgan (cM) positions for the markers based on the pre-

ordering of the markers using the Haldane mapping function option.

Individual recombination rates

Individual recombination rates were measured as autosomal crossover counts (ACC).
Crossovers were counted from the gamete phase from the output of the orderMarkers?2
module from offspring, and assigned to each parent, i.e., FIDs in which the meiosis took

place.
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Genetic variation
We estimated variance components for individual ACC with a repeatability model using the
restricted maximum likelihood (REML) method and average information (Al) algorithm in

DMU v 6 (Madsen et al., 2014). The following model was used:

Y =sex + bi*age +id1 +id2 +b2*het + e

where Y is the ACC, sex is the fixed effect of sex, b1 is the fixed regression of age of the FID
when the offspring is born (from ages 1 to 4), id1 is the random additive genetic effect of the
FID, id2 is the random effect of the FID permanent environment (i.e. environmental effects
that are constant across repeated measures on an FID), het is the method-of-moments F
coefficient estimates (i.e. observed homozygosity count — expected homozygosity count) /
total observations — expected homozygosity count) calculated with the --Aet function in
PLINK1.9 (Chang et al., 2015), bz is the regression of ACC on het of the FID, and e is the
residual effect. The narrow-sense heritability (4°) was defined as the proportion of phenotypic
variance explained by the additive genetic effect and was estimated separately for each breed

and sex.

GWAS

Genome wide associations with mean ACC was analysed with the fastGWA module
implemented in GCTA (Yang et al., 2011) using the 660K datasets. This is a mixed models-
based tool that uses a sparse genomic relatedness matrix (GRM) to correct for relatedness and
principal components to control for population stratification. The sparse GRM was calculated
with the --make-bK-sparse option using a cut-off value of 0.05 based on the full genomic

dataset, i.e., off-diagonal elements below 0.05 will be set to 0 (Yang et al., 2011).
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All analysis and data manipulation where no other software is mentioned was carried out in R

3.6.3 (R Core Team, 2020).

Results

Linkage maps

The sex-specific autosomal linkage maps spanned a total length of 1731.05 (PI) to 1887.14
(LW) cM for males and 2231.32 (DU) to 2515.40 (LW) cM for females. In all breeds, the
female recombination rates are higher on all chromosomes except chromosome 1 and 13,
where the male rates are slightly higher. The LW breed has the highest recombination rate of
all five breeds for both sexes. The genetic length of each chromosome for all breeds are
presented in Table 3. The relationship between physical length (Mb) and genetic length (cM)
of the chromosomes are close to linear in males, but clearly non-linear in females, the
relationship is plotted with robust locally weighted regression in Figure 2 (Cleveland, 1979).
The recombination rate is elevated towards the telomeres in both sexes in all chromosomes
including the acrocentric chromosomes 13-18. The total recombination rate and pattern along
the chromosomes are more similar between the same sex across breeds (Figure 3 and 4) than
between sexes from the same breed (see example comparison of male and female maps for

the LW breed, Figure 5).
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Table 3. Summary of linkage map lengths (in cM) by line, sex and chromosome.

Genetic length (cM)
LR DU LW PI SY
Chr Mb Nsnxes M F M F M F M F M F
1 2743 4858 1452 1229 156.8 128.1 1589 1420 1458 1299 1593 134.8
2 151.9 3306 109.5 1299 108.8 1313 117.8 149.0 1079 1295 1158 138.5
3 1329 2912 111.6 1335 1122 1315 121.0 1547 1134 1304 1204 140.2
4 130.9 3002 1042 132.0 102.6 1334 1102 151.5 1033 1359 108.7 140.4
5 1045 2290 98.1 140.8 984 136.0 103.6 156.8 96.8 1442 105.1 148.5
6 170.8 3440 119.6 1493 1259 156.8 1303 1794 120.8 149.8 127.7 162.5
7 121.8 2751 1134 1372 1123 137.8 117.6 1586 107.8 140.0 115.6 146.6
8 139.0 2924 102.1 1222 103.1 1243 1054 137.6 1040 1268 106.3 132.6
9 139.5 3168 104.7 142.0 103.6 1435 107.3 163.7 104.7 147.8 108.8 156.5
10 69.4 1510 939 1213 918 1243 980 1383 883 131.3 947 131.4
11 79.2 1846 69.7 1144 678 110.0  79.3 1226 639 1206 783 117.8
12 61.6 1296 783 1220 773 1180 865 1337 713 1236 824 127.2
13 2083 3669 1169 109.5 126.0 1169 1275 1234 1176 1155 126.1 117.6
14 141.8 3284 1053 1247 109.8 1268 114.8 151.9 105.8 1244 112.7 137.0
15 140.7 2916 989 113.0 101.7 1156 1049 1248 99.8 1164 106.0 119.8
16 799 1829 67.0 1055 699 103.6 77.0 111.3 632 1105 744 108.4
17 63.5 1399 614 1060 719 1063 69.6 1157 60.5 1064 693 113.2
18 56.0 1257 545 89.5 54.6 87.4 57.6 1003  56.1 94.7 59.4 95.6

Sum 2266.1 47657 1754.4 2215.7 17944 22313

1887.1 2515.4 1731.1 2277.8 1871.2

2368.7

Mb is the physical length, Nsnps is number of SNPs in each linkage map after filtering in
LepMap3. Sum is the total autosomal genetic length in cM. M is for male and F is for female.
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length in Mb (y-axis is plotted for each chromosome per breed and sex. The relationship is
plotted with robust locally weighted regression using the Lowess smoother in R.
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Figure 3 Male autosomal linkage maps for all five breeds.
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SNP markers in Mb. Chromosome numbers are given in the facet headers.
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Figure 4 Female autosomal linkage maps for all five lines.
Genetic positions of the SNP markers in cM are plotted against the physical positions of the
SNP markers in Mb. Chromosome numbers are given in the facet headers.

28



female
male

1
sex

0 25 50 75 100
10

1
1
1
100

L}
1
20 40 60
15
1
50

1
1
0
1
0

1
100
1
100
1
100

14

1
50

1
50

50

1
0

1
0

1

100 150 0 25 50 751001250

1
1
60

1
100 1500
1 L}
12
1
40
17
1
40

50

1
20
1

2

1
0

1
100 200
1

1
1
50
11
1
16
1

0 20 40 60 800

0 20 40 60 800

1
0

1
0

1

150 -
100 -
50-

0-
150 -
100 -
50 -

0_
150 -
100 -
50 -

0_
150 -
100 -
50 -

0-I

INO
Figure 5 Comparison plot of the LW males (blue) and females (red).

Genetic positions of the SNP markers in ¢cM are plotted against the physical positionsof the
SNP markers in Mb. Chromosome numbers are given in the facet headers.

29



Genetic variation in individual recombination rates

The average ACC per gamete ranged from 16.3 (PI) to 18.2 (LW) in males and 21.3 (LR) to
24.4 (LW) in females. The trait was normally distributed with a higher standard deviation in
females than in males (Figure 6). Observations (gametes) with ACC of <6 or >50 were
excluded. The distributions of ACCs are plotted in Figure S1. The h? ranged from 0.04 (SE =
0.01) (SY) to 0.07 (SE = 0.02) (DU) in males and 0.08 (SE = 0.01) (DU and PI) to 0.11 (SE =
0.01) (LR and LW) in females. For all breeds, the heritability is higher in females than in
males and the phenotypic variance is substantially higher in females than in males for all
breeds except Landrace. Most of the phenotypic variance is explained by the error term in all
breeds and both sexes. Results from analysis on genetic variation in individual crossover
counts can be found in table 4. Inbreeding had an effect on ACC, where higher inbreeding

coefficients were associated with reduced crossover counts (Table S1).
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Table 4. Results from variance component estimation of ACC and information on the

dataset in the analysis.

Line Sex NFs Nobs  Mean (SD) h? (SE) Vp Ve
LR  Female 4808 37148 213 (4.2) 0.11 (0.01) 18.53 16.40
LR Male 319 37386 16.8 (3.5) 0.05 (0.05) 20.34 10.92
LW  Female 4695 41092 24.4 (4.6) 0.11(0.01) 21.41 19.08
LW Male 273 41104 18.2 (3.4) 0.06 (0.01) 11.44 10.81
DU Female 1687 9268 21.4 (4.3) 0.08 (0.01) 18.35 16.55
DU  Male 192 9097  17.4(33) 0.07(0.02) 10.69 9.89
SY  Female 2633 25623 22.7 (4.4) 0.10 (0.01) 19.73 17.45
SY Male 224 25622 17.6 (3.4) 0.04 (0.01) 11.38 10.83
PI Female 1353 12101 21.8 (4.4) 0.08 (0.01) 19.08 16.89
PI Male 196 12097 16.3 (3.3) 0.06 (0.02) 10.89 10.19

Nrips are the total number of FIDs (with repeated measures), Nobs is the total number of

observations (meioses) in each sex and line. Mean is the mean ACC with standard deviations

in parenthesis, h? is the heritability estimate with standard errors in parenthesis. V;, and Ve is

the phenotypic variance and error variance, respectively.
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Figure 6 Distribution of autosomal crossover count.
The blue boxes are male count and red boxes are female counts for each line. The midline is
the median and the box is from the 25" percentile to the 75" percentile.

GWAS

We found 14 loci significantly associated with mean ACC in females and 1 locus in males
(Table 5). One region on chromosome 8 was in common to both males and females and
showed the strongest association in both cases; this region is significantly associated with
ACC in females in all breeds and in males in 4 out of 5 breeds, with P values for top SNPs
ranging from 2.87x10-23 to 7.35x1077° in females and 2.89x10® to 5.94x10-'? in males. The
top SNPs are between 0.15 (LR female) and 1.13 (PI female) Mb away from the gene
RNF212 which has been found to be associated with individual recombination rates in several
other mammals including humans (Kong et al., 2008), cattle (Kadri ef al., 2016), Soay sheep
(Johnston et al., 2016) and pigs (Johnsson et al., 2021). On chromosome 17, there is a peak
for females in breeds LR, LW and SY, where the top SNPs in LR and SY are inside the gene
SYCP2 (Synaptonemal complex protein 2). The top SNP in the peak on chromosome 17 for

LW females is 0.03 Mb from the SYCP2 gene. On chromosome 6, there are two peaks in LR
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females. On the first peak, the most significant SNP (P = 1.36 x 10 -'4) is located 2 kb away
from the gene PRDM?7 (PR domain-containing protein 7). The second region on chromosome
6 also has a significant association in SY breed females, where the top SNPs are 0.03 (LR)
and 0.29 (SY) Mb away from the gene MSH4 (MutS homolog 4). LW females also have a
significant peak on chromosome 6, but with no clear candidate gene in close proximity. On
chromosome 5, there is a peak in LR females with the top SNP (P = 1.54 x 10%) located
inside the gene MEI1 (Meiotic Double-Stranded Break Formation Protein 1). Three breeds
have a significant region on chromosome 7; the LR, LW and DU females. There are no
candidate genes in immediate proximity to any of the top SNPs, but it should be noted that
the genes REC8 & RNF212B, which has been associated with individual recombination rates
in several other mammal species are located on chromosome 7 (Sandor et al., 2012; Petit et
al., 2017; Johnston, Huisman and Pemberton, 2018; Johnston, Stoffel and Pemberton, 2020).
The analysis on LR females further shows significant associations in five more regions, on
chromosome 4, 9, 12 and two on chromosome 15. However, we were not able to find any
likely candidate genes involved in meiosis or recombination near any of these five peaks.
Base pair positions and results from the GWA analysis for the top SNPs for all peaks and

breeds can be found in Table 5 and the results are plotted for all lines and sex in Figure 7.
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Figure 7 Genome-wide associations between markers and autosomal crossover count.
Genome-wide associations between markers and autosomal crossover count for all breeds
and sex separately. The dotted line is the statistical significance threshold = 0.05/Number of
markers per analysis. The Y axis is the negative logarithm of the p-value and the x axis is the
physical positions of the markers with alternating colors from autosome 1-18.

34



Table 5. Top SNPs in genome-wide association with ACC in all lines and both sex.

SNP Candidate
Chr Line Sex AF BETA SE P PVE
position gene
4 LR F 124741468 0.20 041 0.07  2.70E-09 0.01
5 LR F 6863929 045 0.32 0.06  1.54E-08 0.01 MEI1
LR F 61205 0.18 0.55 0.07 1.36E-14 0.01
PRDM7
LW F 28051609 0.20 0.48 0.08  7.14E-09 0.01
6
LR F 137566317 0.18 0.86 0.07  3.02E-33 0.03
MSH4
SY F 137825063 0.48 0.42 0.08 8.51E-08 0.01
LW F 78531203 0.39 0.43 0.07 6.83E-10 0.01
RNF212B/
7 LR F 113235081 041 0.56 0.06  9.39E-24 0.02 .
Rec8
DU F 23426839 0.34 -0.72 0.12 3.19E-10 0.02
LR F 562791 0.06 1.47 0.12  8.51E-35 0.03
LW F 164462 0.29 -1.37 0.07 7.35E-79 0.07
w M 1197996 036 -0.72 0.12 4.76E-09 0.12
SY F 164462 0.63 1.16 0.08  7.16E-50 0.08 RNF212
8 SY M 144871 0.65 0.60 0.11  2.89E-08 0.13
DU F 178951 0.18 -1.41 0.14 2.87E-23 0.06
DU M 794886 020 -1.03 0.17 5.94E-10 0.17
Pl F 1543451 0.18 1.34 0.13  9.50E-24 0.07
Pl M 1324636 0.24  0.87 0.15  3.11E-09 0.15
9 LR F 123194749 0.43 0.30 0.06  6.95E-08 0.01 -
12 LR F 43697634 039 0.32 0.06  2.35E-08 0.01 -
LR F 115153652 0.20 -0.55 0.07 2.03E-15 0.01 -
15
LR F 35743431 035 -0.37 0.06 1.02E-10 0.01 -
LR F 59924616  0.27 -0.67 0.06 6.05E-27 0.02
17 LW F 59845939 0.50 -0.55 0.07 2.58E-16 0.01 SYCP2
SY F 59911489 0.36 -0.53 0.08 2.32E-11 0.02

SNP positions in base pairs, AF is the allele frequency of the effect allele. BETA is the
additive effect size (i.e. the slope) of allele, SE is the standard error of BETA, P is the P

value, and PVE is the proportion of phenotypic variance explained by the SNP.

*relatively distant from the peaks. Rec 8 position: 75118744-75139630. RNF212B position: 75796882-75829620
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Discussion

In this study, we confirm previous findings by Tortereau et al. (Tortereau et al., 2012) and
Johnsson et al. (Johnsson et al., 2021) that recombination rates in the domestic pig vary
between sex, along the genome, between and within breeds and that there is a heritable
component to the variation between individuals. Sex explains the majority of variation in
genome-wide patterns and rates of recombination. We find that a locus corresponding to
RNF?212 strongly influences recombination rate in all breeds and in both sexes. We also
identified ~13 other loci associated with the trait in one or a few of the breeds, or only within
one sex. Some of these loci corresponded to genes with known functions in meiosis,
including SYCP2, PRMD?7 and MSH4. In the following sections, we discuss the results in
more detail, provide context to how they may aid in better understanding the genetic
mechanisms of recombination rate, and the implications of our findings in commercial

breeding populations.

Genome-wide rates vary between breeds, but not recombination landscapes.

The genome-wide rates in our study are more in line with Tortereau et al.(Tortereau et al.,
2012) than Johnsson et al. (Johnsson et al., 2021), where estimates are slightly higher. In the
latter study, potential overestimation of total genetic lengths is reported. The pattern of
recombination rate along the chromosomes are well conserved across breeds (Figures 3 & 4).
It is possible that similarity in patterns could be an artefact of differences in marker densities
or due to biological explanations such as runs of homozygosity in some areas, making it
difficult to detect recombination events. However, there is a substantial difference in
recombination patterns between the sexes that would be subject to the same artifacts. This
suggests that the observed patterns accurately reflect the variation in recombination rates

along the genome. The genome-wide rate of recombination rate also differed between breeds
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in agreement with previous studies (Tortereau et al., 2012; Mary et al., 2014; Johnsson ef al.,
2021). This difference is mainly driven by the largest chromosomes, where it is more
common to have more than the obligate crossover due to reduced effects of crossover
interference(Otto and Payseur, 2019). The difference in overall rate between the breeds is
larger in females. In the animal models there is an effect of inbreeding, where higher
inbreeding coefficients were associated with reduced crossover counts (Table S1). The most
likely reason for this observation is that higher levels of recent inbreeding can lead to longer
runs of homozygosity, meaning that double crossovers occurring within a run cannot be

detected despite the effects of crossover interference (Johnston et al., 2016).

Recombination landscapes and rates differ between the sexes.

There is a substantial difference in recombination rates between the sex in all five breeds in
this study with females showing 1.28 times more recombination than in males. This direction
of heterochiasmy is common in mammalian recombination, and whilst there has been great
interest in determining the mechanisms underpinning to this sexual dimorphism, there are
few compelling explanations (Brandvain and Coop, 2012) as the direction and degree can
vary even between closely related species. There is some evidence of a molecular basis to
heterochiasmy. In humans, there is evidence for selection against non-recombinant
chromatids in meiosis II (Ottolini et al., 2015). In addition, there can be sex differences in the
packing of the chromosomes in the early prophase of meiosis, with differences in
synaptonemal complex length between the sexes correlating with the recombination rate in
humans (Tease and Hultén, 2004), bovid species (Ruiz-Herrera et al., 2017) and even
Arabidopsis (Capilla-Pérez et al., 2020). There may also be potential evolutionary drivers of
heterochiasmy; such as differences in haploid selection between the sexes (Lenormand and

Dutheil, 2005), sexual dimorphism and sperm competition (Mank, 2009), and the effects of
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meiotic drive (Brandvain and Coop, 2012), but evidence for these hypotheses remains
limited. It is not unlikely that the some of these mechanisms, particularly related to the
synaptonemal complex, explain the sex difference in the domestic pig. In our study, it may be
that some differences are driven by differences in the number of male and female FIDs due to
the breeding structure of the pigs; one male has on average around 150 offspring in the
dataset, whereas a female has only around 7. However, the total number of meiosis
investigated in this study is the same between the sexes; difference in rates between sexes are
still found in studies where the number of males and females are almost the same e.g. in

humans (Halldorsson et al., 2016).

There is genetic variation in individual crossover count

The heritability estimates of the trait are low, but significant, in agreement with Johnsson et
al. and Lozada-Soto et al. [15, 42]. Heritability is lower in males than in females, which is
consistent with what has been found in many other mammal studies (Fledel-Alon et al., 2011;
Johnston et al., 2016; Johnston, Huisman and Pemberton, 2018; Johnsson et al., 2021). The
standard errors for the heritability estimates are higher for the males in general, which may be
due to the smaller number of unique male FIDs and lower heritability values leading to more
uncertainty in the estimates (Table 4). Most of the phenotypic variance is explained by the
error terms (Table 4). One explanation may be that each recombination occurring in the
meiotic division has a 50:50 chance of segregating into a particular gamete, leading to
variance in the number of recombinations in the sampled gamete. In addition, we can only
measure recombination in gametes that result in live animals, which excludes all other
products of meiosis. Therefore, as the analysis is biased towards a sample of successful
gametes, we may be underestimating the genetic variance. A study of recombination in all

products of the female meiosis in human showed selection against non-recombinant
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chromatids in meiosis II (Ottolini et al., 2015). It would be of great interest to study more of

the products from meiosis in these pig breeds to look for signs of selection between gametes.

Genome-wide associations with autosomal crossover count

The strongest association with individual ACC is on a locus close to the gene RNF212, which
is a gene that have been found to be associated with individual recombination rates in several
studies in mammals previously, including other pig breeds (Kong et al., 2008, 2014; Sandor
etal.,2012; Kadri et al., 2016; Johnston, Huisman and Pemberton, 2018; Johnsson et al.,
2021). This region is the only one that shows association with individual ACC in all five
breeds. A study by Reynolds et al (Reynolds et al., 2013) established that RNF212 has a
dosage sensitive effect on recombination rates, and that RNF212 knockout mice were sterile,
implying a critical role in chromosome segregation and fertility. In the region on
chromosome 8§ close to RNF212, LR and PI have a low frequency of the allele for increased
crossover counts (Table 5), these are also the two breeds with the lowest mean ACC (Table
4.) However, the higher rates in LW does not seem to be explained by the allele frequencies
in this region. It should also be noted that none of the top SNPs in this region for the five
breeds are in immediate proximity to the gene, meaning that the linkage phase with the causal

variant may differ between the breeds.

LR and SY females have a top SNP inside the gene SYCP2 and LW females a top SNP close
by (0.03 Mb). SYCP? is a gene coding for a protein which is part of the axial elements that
the chromatids are organized along in the early prophase of meiosis. Together with SYCP3,
the SYCP2 proteins become the lateral elements of the synaptonemal complex during
synapsis (Fraune et al., 2012). The effect of this gene on ACC may be linked to the

correlation between synaptonemal complex length and genetic length discussed earlier.
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Halldorsson et al (Halldorsson et al., 2019) found an association for the same trait in humans
with a gene encoding one of the other synaptonemal complex proteins, namely SYCE!, and
another study in pigs by Johnsson et al (Johnsson et al., 2021) also found a peak very close to

the lead SNPs on chromosome 17 in this study.

The first peak on chromosome 6 in LR females is potentially associated with a gene that is
annotated as PRDM?7 on the NCBI annotation release 106, although in the study by johnsson
et al (Johnsson et al., 2021) this gene is identified as PRDMY. PRDM?9 is a gene that has been
associated with recombination hotspot positioning in mammals but has also been associated
with genome wide rates in for example cattle, possibly as a result of differences in hotspot
abundance corresponding to different PRDM?Y alleles (Ma et al., 2015). Blazer et al. (Blazer
et al., 2016) reports high homology between PRDM9 and PRDM?7. The gene MSH4, coding
for a meiosis specific protein essential for reciprocal recombination (Paquis-Flucklinger et
al., 1997) is close to a significant peak for LR and SY females. This gene has been associated
with individual recombination rates in humans (Halldorsson et al., 2019) and pigs (Johnsson
etal.,2021). The MEII gene encodes a double stranded break formation protein in meiosis
(Kumar and de Massy, 2010), but to our knowledge has not been previously reported as

associated with individual recombination rates.

Several of the genome wide hits reported are only present in one or two breeds or only in
females. This suggests that there is sexual dimorphism in the genetic architecture of ACC in
pigs, but it might also be explained by the different number of focal individuals for males and
females. The difference between breeds may also be due to differences in allele frequencies;
LR has been a closed breeding line since 1958 and may very well differ in allele frequencies

in some of these regions either due to drift or as a consequence of selection. This may explain
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all the GWAS peaks that are unique to LR. In a study by Lozada-Soto et al. (Lozada-Soto et
al., 2021) genome-wide associations with individual recombination rates were also
investigated, but with none of the regions identified overlapping with the findings in our
study. However, the study by Johnsson et al. (Johnsson et al., 2021) agrees well with our

findings, with overlapping significant regions on chromosome 4, 6, 8 and 17.

What is the impact of recombination rate variation in the domestic pig?

The difference in recombination rate is relatively large between some of these breeds
considering that they are closely related in an evolutionary perspective; combined the
heritable variation and oligogenic architecture may suggest that recombination rates have the
potential to change rapidly. As there is genetic variation in individual recombination rates in
the pig breeds in this study, there might be a potential to increase genetic variance by
increasing recombination rates. However, for there to be a significant increase in production
trait values in response to selection, recombination rates may have to be 10 or 20 times
multiplied, as shown by Battagin et al. (Battagin et al., 2016). It is unlikely that a breeding
program would wish to put a strong emphasis on recombination at the cost of other traits.
There may also be costs associated with increased recombination that will outweigh the
benefits; for instance, high recombination rates have been associated with cancer in human
(Mao et al., 2009). In addition, and as previously mentioned, recombination can also break up
beneficial allele combinations previously built up by selection(Barton and Charlesworth,
1998). A review of recombination rate variation across a broad selection of taxa by Ritz et al.
(Ritz, Noor and Singh, 2017) found that the magnitude of variation in recombination rates is
equivalent across taxa and that mechanisms, such as crossover interference, lead to an upper

limit that is universal across most species studied, suggesting that large numbers of
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recombinations are not beneficial despite the potential for increased genetic variance,

possibly due to biological consequences that remain to be fully understood.

Conclusions

In this study, we find that both patterns and overall rates of recombination differ between the
sexes in five domestic pig breeding populations. The overall rate varies between the breeds,
but the patterns of recombination rate along the chromosomes is well conserved across
breeds. We show that there is a heritable component to the genetic diversity, but that the trait
has a large error variance. Studies including more products of the meiosis would be of
interest to potentially explain more of the phenotypic variance in these populations as well as
in other populations. We find genes associated with individual recombination rates found in
several other studies suggesting that some of the genetic architecture of the trait is well
conserved across a large number of species, but we also find associations with genes that
have not yet been reported. Whether the difference in overall rates and genetic architecture of
recombination rates between the breeds is due to indirect selection or merely random drift is
not answered and remains one of great interest to study in these breeds. Further studies
should also look at the mechanisms leading to the substantial difference in recombination
rates between sex as well as how individual rates may relate to reproductive traits. This study
provides an example of the state of recombination rates in a domesticated species under
strong selection, as well as how it may differ between relatively closely related breeds,

contributing to the understanding of variation in recombination rate in mammals in general.
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List of abbreviations

ACC = Autosomal crossover count
SNP = single nucleotide polymorphism
FID = focal individual

LR = Landrace

LW = Large White

DU = Duroc
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Supplementary

Distribution of crossover counts per gamet
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Figure S1 Distribution of crossover counts per gamete before filtering (LR)
The distribution of crossover count per gamete plotted for the LR breed as an example. The
x-axis is the autosomal crossover count for a gamete and the y-axis is the count of how many

gametes had a particular crossover count.
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Table S2 Effect of inbreeding on ACC

Line Sex N FIDs mean F E_BLUE F (SE)
LR Female 4808 0.01 -2.48 (0.66)
LR Male 319 0.04 2.65 (4.47)
LW Female 4695 0.29 -5.53 (1.05)
LW Male 273 0.31 -3-34 (1.88)
DU Female 1687 0.05 -3.41(0.95)
DU Male 192 0.07 -1.87(1.02)
Sy Female 2633 -0.03 -3.56 (0.83)
Sy Male 224 0.03 -0.64 (1.12)
Pl Female 1353 -0.04 -4.54(1.18)
Pl Male 196 0.01 -3.86(1.33)

Nrips are the total number of unique FIDs, mean F is the mean inbreeding coefficient, and

E BLUE F is the estimated effect of inbreeding with standard errors in parenthesis.
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Abstract

Meiotic recombination is an important evolutionary mechanism that breaks up linkage
between loci and create novel haplotypes for selection to act upon. Understanding the genetic
control of variation in recombination rates is therefore of great interest in both natural
populations and domestic breeding population. In this study we use pedigree information and
medium density (~50K) genotyped data in a large cattle (Bos Taurus) breeding population in
Norway, Norwegian Red cattle, to investigate recombination rate variation between sex and
individuals. Sex specific linkage mapping show higher rates in males than in females (total
genetic length of autosome = 2492.9 cM in males and 2308.9 cM in females), However,
distribution of recombination along the genome show little variation between males and
females compared to other species. The heritability of autosomal crossover count was low but
significant in both sex (h?> = 0.04 and 0.09 in males and females, respectively). We identify
three loci associated with variation in individual crossover counts in female, two are close to

the candidate genes RNF212B and CEPS55 and one is close to both MLH3 and NEKO. All
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four genes have been associated with recombination rates in other cattle breeds, and
RNF212B in several other mammals. Our study contributes to the understanding of how
recombination rates are controlled and how they may vary between closely related breeds as

well as between species.

Introduction

During eukaryotic meiosis, homologous chromosomes line up and exchange segments of
DNA in a process known as recombination. The process is well conserved across taxa as it
has a vital role in assuring homologous chromosome pairing during prophase I, meaning that
the gametes resulting from the meiosis have the correct number of chromosomes (Fledel-
Alon et al., 2011; Lenormand et al., 2016); human studies have shown that a lack of
recombination can lead to aneuploidy, i.e. the incorrect number of chromosomes in gametes
(Fledel-Alon et al., 2009; Sherman et al., 1991). From an evolutionary perspective,
recombination is also an important mechanism as it breaks up linkage between alleles from
genes located on the same chromosomes and creates new haplotypes for selection to act upon
(Barton & Charlesworth, 1998; Sved & Hill, 2018). However, recombination may also break
up beneficial linkage built up over many generations; there are also other costs associated
with recombination, such as increased mutation rate associated with double strand break
repair (Arbeithuber et al., 2015). These costs and benefits are thought to be the reason why
the number of crossovers per chromosome seems to have a well conserved upper and lower
limit across species (Ritz et al., 2017). Still, there is substantial variation in recombination
rates between species, and between sexes and individuals within breeds and populations of
the same species (Lenormand et al., 2016; Stapley et al., 2017). In addition, many species

show large variation in rates of recombination along the chromosomes, including
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recombination “hotspots/coldspots”, with patterns often differing between the sexes
(Halldorsson et al., 2016; Johnsson et al., 2021; S. E. Johnston et al., 2016, 2017; Kong et al.,

2008; Petit et al., 2017).

There has been an increasing interest in understanding variation in individual recombination
rates over the last decade. Several studies have been conducted in model species, such as
house mice (Booker et al., 2017; Dumont et al., 2009; Wang et al., 2017) and Drosophila
melanogaster (Hunter et al., 2016; Samuk et al., 2020; Winbush & Singh, 2021), natural
populations such as red deer (S. E. Johnston et al., 2018) and Soay sheep (S. E. Johnston et
al., 2016) and domesticated species such as pigs (Johnsson et al., 2021), chickens (Z. Weng et
al., 2019), sheep (Petit et al., 2017) and several cattle breeds (Kadri et al., 2016; Ma,
O’Connell, et al., 2015; Sandor et al., 2012; Shen et al., 2018). There is a heritable
component to individual recombination rates in all species studied (i.e. the proportion of
phenotypic variance explained by additive genetic effects), ranging from around 5% in pigs
(Johnsson et al., 2021) to as high as 46% in mice (Dumont et al., 2009). Studies on the
genetic architecture of individual recombination rates has led to discovery of several meiotic
genes associated with individual recombination rate variation. This includes RNF212 and
Rec$ that have been found in various mammal species (S. Johnston et al., 2020; S. E.
Johnston et al., 2018; Kadri et al., 2016; Kong et al., 2008; Sandor et al., 2012), but also
genes such as SYCP2, HEI10, MEIOB and several others that are only found in one or a
couple of species and populations (Halldorsson et al., 2019a; Johnsson et al., 2021; Petit et
al., 2017). Most of the vertebrate species studied show striking sex differences in the amount
and location of recombination in the genome, known as heterochiasmy, but the direction and
magnitude can be remarkably variable across species(Lenormand & Dutheil, 2005; Mank,

2009). However, despite the potential for genome-wide rates to respond rapidly to selection,
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the direction of heterochiasmy is conserved across relatively distantly related breeds and
populations within species (see for example sheep; (S. E. Johnston et al., 2016; Petit et al.,
2017), cattle (Shen et al., 2018) and pigs (Johnsson et al., 2021)). But sex spesific studies of

populations and breeds within species remains limited.

Cattle (Bos Taurus) were domesticated around 10 000 years ago, and is believed to be one of
the cornerstones of the Neolithic revolution (Gotherstrom et al., 2005). Today, dairy and beef
breeds are spread around the world and breeding programs with extensive pedigrees along
with genotype information exist for a large number of individuals. Recombination rate
variation has indeed been studied in several other Cattle breeding populations previously, like
Holstein(Ma, O’Connell, et al., 2015) Holstein Freysian, Jersey ((Sandor et al., 2012), Brown
Swiss, Ayrshire (Shen et al., 2018) and beef cattle like Angus and Limousin (Z. Q. Weng et
al., 2014). Only some of the studies look at sex sepesific rates of recombination, but the ones
that do all find higher genome wide rates in males and some indications for sex specific
control of the trait ((Kadri et al., 2016; Ma, O’Connell, et al., 2015; Shen et al., 2018).
Several genes are identified as genetic drivers of recombination rate variation in cattle,
including PRDM9 (Ma, O’Connell, et al., 2015), which is usually associated with

recombination hotspot usage in other species (Paigen & Petkov, 2018).

Recombination is one of the main sources of novel haplotypic variation, which is a
prerequisite for selection response and genetic gain in animal and plant breeding. Therefore,
it is of great interest to understand how and why recombination rates vary between
individuals, sexes and along the genome. For example, if there is a heritable component to
individual recombination rate, it presents the opportunity to select for higher rates, and

thereby potentially help quantitative traits respond faster to selection (Battagin et al., 2016).

54



Click or tap here to enter text. More practically, having detailed information on how
recombination rates vary within a breeding population may also be important for genomic

prediction (Gao et al., 2018) and selection on quantitative trait loci (Lotterhos, 2019).

Here, we study the genetic architecture and variation in individual autosomal crossover count
(ACC) using a large genomic dataset from more than 110 000 of Norwegian Red cattle (Bos
Taurus), a breed of dairy cattle that comprises the majority of all cattle in Norway. Our
objectives were to: (1) create sex-specific high density linkage maps to understand variation
in recombination landscapes; and (2) to determine the heritability of individual ACC and

identify potential loci associated with the trait.

55



Material and Methods

Study population and Genotype data

In this study we used genotype data and pedigree information from Norwegian Red cattle,
which is the most common cattle breed used for milk production in Norway. Genotype data
was available from five different SNP arrays developed for cattle: Affymetrix 54K
(customized chip), [llumina NRF v2 (customized chip), [llumina BovineSNP50 v1, Illumina
BovineSNP50 v2.0 and Illumina BovineHD. There were 35,880 common SNPs genotyped
for 110,555 individuals across these five arrays. The physical positions of the SNPs were
determined based on the ARS-UCDI1.2 reference genome. The data was filtered to remove
markers with missing call rates exceeding 0.1 or a Hardy-Weinberg equilibrium exact test p-
value<10°. This genotype dataset will be referred to as the 35K dataset. All individuals were
also imputed to a set of 617,739 SNP markers on the BovineHD chip; this data-set was used
for the genome wide association analysis only. This set will further be referred to as the 600K

dataset. Only autosomal SNP markers were included in the study.

Quantification of individual crossovers

The pedigree was ordered into three generation full-sib families, comprised of each unique
sire and dam mating combination with their offspring and parents (Figure 1). As
recombination rates are estimated for meioses that occur in the sire and dam, they are
hereafter referred to as the focal individuals or FIDs. This full-sib family format allowed for
phasing of the gametes transmitted from the FIDs to the offspring and detection of crossovers
occurring during meiosis in the FIDs. Whilst an individual can be present in several families,
i.e., if mated to other individuals or as grandparent or offspring in a different family, this
study design meant that each unique meiosis in an FID is only calculated and analysed once.

The total number of full-sib families was 19 603. Due to the breeding structure of cattle, most
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full-sib families only have one offspring, with a maximum of five offspring. In total,
autosomal crossover counts were calculated for 603 unique bulls with 19 861 associated

offspring and 14 815 unique cows with 19 824 associated offspring.

FID FID

Figure 1. The three-generation full-sib family structure used to calculate autosomal
crossover count (ACC). This structure allows quantification of autosomal crossovers in the
gamete transmitted from the FIDs (black) to the offspring.

Linkage mapping & estimation of autosomal crossover counts.

Sex-specific linkage maps were created with Lepmap3 (Rastas, 2017). Marker order was
fixed relative to their physical positions on the ARS-UCD1.2 reference genome and linkage
maps were created for each chromosome separately. It should be noted that all cattle

autosomes are acrocentric, with the centromere occurring at the beginning of the genomic
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sequence for each chromosome. The filtering?2 module was run to filter markers based on
segregation distortion, with the argument dataTolerance = 0.01 as suggested for multi-family
datasets. The Seperatechromosomes2 module is used to split markers into linkage groups de
novo; here, this module was used as a quality control step to exclude any markers that were
not assigned to their expected linkage group (LOD score < 5). The Haldane mapping function
option was used to calculate the centimorgan (cM) positions of the SNP markers in the
Ordermarkers2 module. The number of markers in the final linkage maps can be found in
Table 2. To quantify individual recombination rates, the number of crossovers per autosomal
chromatid in each offspring was estimated using the output from the Ordermarkers2 module.
The crossovers were then summed across all autosomes in the offspring and defined as the
autosomal crossover count (ACC), which was then assigned to the FID in which the

crossover events occurred.

Heritability of individual recombination rates

Genetic variation for the trait autosomal crossover count (ACC) was estimated with a
repeatability model in DMU v 6 (Madsen et al., 2014) as FIDs with several offspring either
within one family or across families had multiple observations for the trait. We used the
restricted maximum likelihood (REML) method with the average information (AI) algorithm

and fitted the following model:

Y =sex + bi*age +b2*het + id1 + id2 + e

where Y is the ACC, sex is the fixed effect of sex, b1 is the fixed regression of age of the FID

when the offspring is born (from ages 1 to 13), bz is the regression of ACC on het of the FID,
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and e is the residual effect, id1 is the random additive genetic effect of the FID with a
covariance matrix proportional to the numerator relationship matrix, id2 is the random effect
of the FIDs permanent environment (i.e. individual identity, capturing environmental effects
that are constant across repeated measures on an FID), het is the method-of-moments F
coefficient estimates (i.e. observed homozygosity count — expected homozygosity count) /
total observations — expected homozygosity count) calculated with the --Aet function in
PLINK1.9 (Chang et al., 2015), The narrow-sense heritability (4°) was defined as the

proportion of phenotypic variance explained by the additive genetic effect.

Genome-wide associations with individual recombination rates

The fastGWA module implemented in GCTA (J. Yang et al., 2011) was used to look for
potential associations between any of the SNP markers from the 600K datasets and mean
individual ACC. This is a mixed models-based tool that uses a sparse genomic relatedness
matrix (GRM) to correct for relatedness and principal components to control for population
stratification. A sparse genomic relatedness matrix was created with the --make-bK-sparse
option using a cut-off value of 0.05. i.e., off-diagonal elements below 0.05 were set to 0. The

genome-wide significance threshold = 0.05/Number of markers per analysis.
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Results

Broad and fine scale recombination rates

The total genetic length of the Norwegian Red autosomes is 2492.9 ¢cM in males and 2308.9
cM in females, equating to an overall rate of autosomal recombination of 1 cM/Mb in males
and 0.93 cM/Mb in females (Table 2). The total recombination rate per chromosome in cM
per Mb varies from 0.81 to 1.38 in males and from 0.78 to 1.34 in females in the 29
autosomes (Table 2). Sex differences in recombination rate are mainly driven by elevated
male recombination in sub-telomeric regions of some chromosomes (i.e. the last 10-30 Mb),
with the largest effects seen in chromosomes 13, 17 and 19, which are 14, 14 and 20 %
longer in males than in females, respectively (Figures 2 & 3). However, there are generally
no sex-differences variation in recombination rate along the remainder of the autosomal
chromosomes (Figure 3). Chromosome 15 is the only chromosome where the female rate is
elevated in the sub-telomeric region, although the male map length is still longer overall
(Figures 2 & 3). The relationship between the physical length (Mb) and genetic length (cM)
of the autosomes was close to linear in both males and females (adjusted R? = 0.92 and 0.97,

respectively) (Figure 4).
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Table 2. Male and female linkage map lengths for all 29 autosomes. Male and female cM

is the estimated total genetic length of the autosomes in centiMorgans. cM/Mb is the

recombination rate in centiMorgan per Megabase. The physical map length is relative to the
ARS-UCDI1.2 genome.

physical female

Chr length (Mb) Male cM Male cM/Mb female cM c¢cM/Mb %
1 158.30 128.8 0.81 123.4 0.78 4
2 136.23 114.6 0.84 111.3 0.82 3
3 121.01 110.7 0.91 103.6 0.86 6
4 120.00 107.9 0.90 104.7 0.87 3
5 120.09 110.2 0.92 101.1 0.84 8
6 117.81 104.4 0.89 99.3 0.84 5
7 110.68 106.9 0.97 102.8 0.93 4
8 113.32 101.4 0.89 96.9 0.86 4
9 105.45 95.7 0.91 86.9 0.82 9
10 103.31 102.0 0.99 94.1 0.91 8
11 106.98 99.2 0.93 92.6 0.87 7
12 87.22 87.1 1.00 78.2 0.90 10
13 83.47 93.7 1.12 80.7 0.97 14
14 82.40 84.5 1.03 76.1 0.92 10
15 85.01 86.3 1.02 78.3 0.92 9
16 81.01 86.1 1.06 75.9 0.94 12
17 73.17 78.3 1.07 67.5 0.92 14
18 65.82 79.8 1.21 69.8 1.06 13
19 63.45 89.8 1.42 71.2 1.12 21
20 71.97 67.7 0.94 64.7 0.90 4
21 69.86 74.1 1.06 68.3 0.98 8
22 60.77 73.6 1.21 65.5 1.08 11
23 52.50 63.1 1.20 57.9 1.10 8
24 62.32 62.3 1.00 60.6 0.97 3
25 42.35 58.3 1.38 56.7 1.34 3
26 51.99 57.5 1.11 56.3 1.08 2
27 45.61 55.8 1.22 54.7 1.20 2
28 45.94 55.5 1.21 54.3 1.18 2
29 51.10 57.6 1.13 55.5 1.09 4
TOTAL 2 489.14 2492.9 1.00 2308.9 0.93 7
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Figure 2. Sex-specific autosomal linkage maps for cattle autosomes. The genetic position
of each SNP marker in cM is plotted against its physical position on the 29 autosomes. Male
positions in blue and female positions in red. Cattle autosomes are acrocentric, with the left

and right hand ends of each map corresponding to the centromere and sub-telomeric regions,

respectively.
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Figure 3. The relationship between the linkage map length (cM) and physical length
(Mb) of the 29 autosomes. The relationship is plotted with robust locally weighted
regression using the Lowess smoother in R.

Individual recombination rates

The ACC per gamete is close to normally distributed in both sexes, with mean of 24.3 (+ 4.3)
for males and 22.2 (+ 4.9) for females (Figure 5). Gametes with <6 or >50 crossovers were
excluded (plot with distribution of ACC before filtering can be found in S1), resulting in a
total of 19,861 ACC measures for males and 19,824 for females. The distribution of ACC per
gamete before filtering is plotted in Figure S1. The heritability (h?) for ACC was 9% in males
and 4% in females (Table 3). Most of the phenotypic variance is explained by the error term
in both sexes (Table 3). Inbreeding significantly decreased ACC in both sexes (-9.8 and -13.7

ACC per unit From, in males and females, respectively), equivalent to a difference of 2.35
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ACC for males and 6.35 ACC for females between individuals with the minimum and
maximum levels of inbreeding in our data. There was no effect of age on ACC in either sex
in our analysis. Results from the analysis of genetic variation in individual crossover count

can be found in Table 3.

50-

40-

ACC

20-

10-

F M
sex

Figure 4. Median and Distribution of autosomal crossover count in females (red) and
males (blue). The midline is the median and the box is from the 25™ percentile to the 75%
percentile.

Table 3. Results from the analysis of genetic variance of individual ACC. Nris is the
number of focal individuals in the respective model, Nobs is the total number of ACC
measures, Mean is the mean ACC with standard deviations in parentheses, h? is the
heritability estimate with standard errors in parentheses. Ve and Ve is the phenotypic and
error variances, respectively. Fnom is the slope of the inbreeding coefficient when fit as a fixed
effect.

Sex Nrmps  Nobs Mean (sd) h?(SE) Vp Ve fhom effect

Female 14 815 19824 222 (4.9) 0.04 (0.01) 24.0 212 -13.7 (1.25)

Male 603 19861 243 (43)  0.09(0.02) 182 1601 -9.8(2.8)
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Genome wide associations with ACC

We found 3 genomic regions significantly associated with ACC in females, with two on
chromosome 10 and one on chromosome 26 (Figure 6, Table 4). The top SNP in the first
peak on chromosome 10 is 85.0 kb away from RNF212B, a gene that has been previously
associated with individual recombination rates in domestic sheep, Soay sheep, cattle, and red
deer (S. Johnston et al., 2020; S. E. Johnston et al., 2018; Kadri et al., 2016; Petit et al.,
2017). Under the second peak on chromosome 10, there are two candidate genes; MHL3 and
NEKY9, which are 20.7 kb and 45.0 kb away from the top SNP in that region (Figure 6).
MLH3 and NEK9 have been reported as being associated with cattle recombination rates in
Kadri et al. (2016) and Ma et al.(2015), respectively. The most highly associated SNP on
chromosome 26 is 45.6 kb away from the gene CEP55, which is associated with individual
recombination rates in Holstein (Ma et al. 2015). No markers showed significant associations
with ACC in males; however, the most highly associated SNP corresponds to a region on
chromosome 6 containing RNF212 previously associated with cattle recombination rate

(Kadri et al., 2016).

Table 4. Top SNPs in genome-wide association with ACC.
SNP positions in base pairs, MAF is the minor allele frequency. Beta is the additive effect
size (i.e. the slope) of allele, SE is the standard error of Beta, P is the P value.

Candidate
Sex Chr SNP bp MAF Beta SE P Gene(s)
Female 10  BovineHD1000006959 21574661 0.12 0.48 0.09 5.91E-08 RNF2I2B
Female 10 BTA-78285-no-rs 86322591 0.27 045 0.07 793E-12 NEKY

MLH3

Female 26  BovineHD2600003818 14891061 0.18 0.56 0.08 1.34E-13 CEP55
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Figure 5. Genome-wide associations between individual ACC in females and the SNP

markers from the 600K dataset. The red line is the statistical significance threshold equivalent
to P < 0.05 after multiple testing.
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Figure 6. Genome-wide associations between individual ACC in males and the SNP markers

on from the 600K dataset. The red line is the statistical significance threshold equivalent to P
< 0.05 after multiple testing.
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Discussion

In this study we took advantage of the extensive genotyping in the breeding programme of
Norwegian Red cattle to study individual recombination rates. We found that recombination
rates in this breed vary between the sexes and within and between chromosomes. Individual
recombination rates are heritable in both sexes, and we found three loci significantly
associated with the trait in females, all close to genes that have previously been associated
with recombination rate variation in vertebrates. In the following section, we discuss the
results in more detail and consider the possible causes and implications of variation in

recombination rates for a breeding population.

Cattle have relatively low sexual dimorphism in recombination landscapes

In total, the genetic length of the male autosomes is 8% longer than the female autosomes,
which is similar to other cattle breeds studied, such as Holstein, Holstein Frisian and Jersey
where male maps were 8-9% longer (Kadri et al., 2016; Ma, O’Connell, et al., 2015). The
genetic length of individual autosomes was consistently higher in males than in females and
is driven by the sub-telomeric regions. Along the rest of the autosomes, the sex specific
patterns of recombination rate are almost overlapping and sometimes slightly higher in
females (Figure 3). Overall, these patterns were similar to those found in previous cattle
studies, indicating conservation of recombination patterns and their sex differences across
breeds and autosomes. The modest sex difference observed in cattle is in contrast to other
mammal species, such as in sheep where the male maps are 24% longer (S. E. Johnston et al.,
2016), or in pigs (Johnsson et al., 2021), red deer (S. E. Johnston et al., 2017) and humans
(Broman et al., 1998; Halldorsson et al., 2019b), where the female maps are 20-27%, 18%,

and 38-39% longer, respectively.
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Autosomal crossover count is associated with RNF212B, CEP55 and NEK9 or MLH3
We find three loci that exceeds the significance threshold in females, but no significant peaks
in males. The sex difference may be due to the difference in the number of FIDs, but
comparisons with other studies indicate that there are likely to be actual sex difference in
genetic architecture of the trait. The first peak on chromosome 10 only barely exceeds the
significance threshold, but this peak is near the gene RNF212B that has showed association
with individual crossover rates in both male and female cattle in Kadri et al (2016), as well as
other ruminants like red deer females (S. Johnston et al., 2020) and both male and female in
sheep (S. E. Johnston et al., 2018; Petit et al., 2017). RNF212B is a close paralog to RNF212,
which is a gene that is well known to influence recombination rates in mammals (Reynolds et
al., 2013). In the next region on chromosome 10 the top SNP is at position 8§6.32 Mb,
relatively close to both NEK9 at 86.33 — 86.37 Mb and MLH3 at 86.28 — 86.30 Mb. NEK9
and MLH3 were associated with individual recombination rates in both sexes in the study by
Ma et al. (2015) and Kadri et al. (2016). NEK9 is involved in spindle organization and
alignment and segregation of the chromosomes during oocyte meiosis (S. W. Yang et al.,
2012). MLH3 is a MutL homolog involved in post replicative mismatch repair which has
been shown to interact with the meiosis specific protein MSH4, that has a well-documented
role in recombination (Santucci-Darmanin et al., 2002). The third peak, on chromosome 26,
is near the gene CEP55. This gene is involved in spindle organization (Xu et al., 2015). This

association was also female specific in Ma et al(2015).

Sex differences in recombination in a broader context.
Most species studied to date show a difference in recombination rate between males and
females, in the overall rate and/or the pattern of recombination along the genome, but it is

more common among mammals to have a female biased heterochiasmy (Halldorsson et al.,
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2019a; Johnsson et al., 2021; S. E. Johnston et al., 2017; Wang et al., 2017). A long-standing
theory has been that selection and domestication increases recombination rates (Burt & Bell,
1987), and Ma et al (2015) suggests that a higher selection pressure in bulls may explain the
higher male recombination rates. However, in domestic pigs, where there is also a higher
selection pressure in males, heterochiasmy is female biased (Brekke et al 2022, Johnsson et
al., 2021). Furthermore, the theory of higher recombination rates in domesticated species
versus their wild counterparts have been challenged in at least three pairs of species (dog vs.
wolf, sheep vs. mouflon, and goat vs. ibex) where no difference in recombination rate was
observed (Munoz-Fuentes et al., 2015). There may also be sexual dimorphism in the selection
at the gamete level that differs between species, in a study on Soay sheep, they hypothesised
that the higher male recombination rates may be due to high levels of sperm competition in
Soay sheep males as they have a highly promiscuous mating system, although this could not

be formally tested (S. E. Johnston et al., 2016).

In Ma et al. (2015), they also looked at development of recombination rates over time and
found a steady decrease in recombination rates in males the last 40 years, which coincided
with a decrease in fertility. A recent study of fertility in Norwegian Red bulls also show a
slight, but significant unfavourable genetic trend from 1994 — 2016 (Olsen et al., 2020). One
hypothesis could be that historically, selection has led to higher recombination rates because
individuals with unique combinations of alleles are selected (Charlesworth & Barton, 1996),
which may indirectly select for alleles associated with higher recombination. However, once
bulls have favourable haplotypes, the gametes from low recombination individuals are the
ones leading to favourable offspring — leading to selection for lower recombination rates, at
least on some chromosomes. A study that compared recent and historical recombination in

Norwegian Red bulls found lower recent recombination rates compared to historical rates on
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chromosomes with important quantitative trait loci for milk production (Sodeland et al.,
2011). This could also mean that the sex difference in recombination rate may have been
larger. Overall, biological explanations for difference in recombination rates between sexes
remains to be understood, as most hypotheses have species that contradict the theory, and

there is a lack of empirical studies on heterochiasmy.

There is genetic variation in individual rates in both sexes.

The heritability is higher in males than in females, which is consistent with what has been
found in other studies in cattle, but the heritability estimates in our study is lower than what
other studies have found (Kadri et al., 2016; Sandor et al., 2012). Sandor et al. (2012) only
have bulls in their study and estimated h?= 0.22, whereas Kadri et al. (2016) finds heritability
0.13 in males and 0.08 in females which is closer to what we find, but still substantially
higher. This could be due to breed differences in allele frequencies for loci affecting
recombination rates. The standard error is slightly higher in males, probably due to the
number of FIDs being much lower (603) than in females (14,815), but the standard errors are

not very high in either sex (0.01 and 0.02 in females and males respectively).

The observed effect of inbreeding on recombination rates may be due to long runs of
homozygosity affecting the ability to detect crossovers, rather than a true effect of inbreeding
itself on reducing recombination rates. Most of the phenotypic variance is explained by the
error terms (Table 3). An explanation to this may be that because we are studying
recombination in gametes in live offspring, i.e. successful gametes, it may not be a random
sample from the meiosis, but there may be selection at the haploid level in both males and
females. Studies in human show signs of selection against non-recombinant chromatids in

meiosis IT (Ottolini et al., 2015).
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Reflections / implications for selective breeding.

Recombination is one of the main contributors to within-family genetic variation and
therefore important for breeding. With a greater use of genomic information in the breeding
work and selection based on genomic evaluations, insights into the breed specific patterns of
variation in recombination rates may be of great importance. Recombination rate is relatively
evenly distributed along the autosome compared to many other species and more closely
resembles how recombination rates are typically modelled in phasing and imputation
software like for example Beagle (Browning & Browning, 2007) and SHAPEIT (O’Connell
etal., 2014), that defaults to a constant recombination rate of 1 cM per Mb. This might
suggest that there is not much to gain by using breed and sex specific linkage maps in
phasing and imputation in cattle. However, there are clear sex differences in the subtelomeric
regions, but to our knowledge there are no phasing or imputation software available to date
that can take sex-specific linkage maps. Indeed, the sex averaged map would not show this

pattern at the ends as most of the autosomes have opposite pattern in males and females.

Individual recombination rate is a heritable trait in cattle and could therefore be selected on to
increase genetic variance. However, studies show that to really have an effect on the selection
response, the emphasis on this trait in the breeding work would have to be unrealistically high
(Battagin et al., 2016). Also, there may be disadvantages to having high recombination rates
like increased mutation rates (Arbeithuber et al., 2015) and break up of favourable linkage
(Charlesworth & Barton, 1996). Knowing that at least one recombination is needed for proper
segregation of chromosomes in meiosis and that aneuploidy is one of the main reasons for
pregnancy loss in human (Fledel-Alon et al., 2009; Hassold et al., 1995; Koehler et al., 1996;
Sherman et al., 1991) it may be important for fertility to make sure that the rates are not too

low. It would be of great interest to specifically look at effects of low recombination rates on
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fertility as well as potential selection between gametes maybe by studying recombination in

sperm and egg cells instead of in live offspring.

Conclusion

In this study, we find that both patterns and rates of recombination differ between the sexes in
the subtelomeric regions but are relatively evenly distributed and overlapping between the
sex in the rest of the autosomes. The genome wide recombination rates in Norwegian Red
cattle are comparable to other cattle breeds studied. In agreement with other studies, we find
that there is a low but significant heritable component to the genetic variation, but that the
trait has a large error variance. It would be of interest to study sperm and egg cells to possibly
explain more of the phenotypic variance in recombination rates in cattle. We find genes
associated with individual recombination rates also found in other studies suggesting that
some of the genetic architecture of the trait is well conserved across cattle breeding
populations and other ruminants. Further studies should also look at the mechanisms leading
to the difference in recombination rates between sex as well as how individual rates may
affect fertility. We here provide an example of the genetic basis of recombination rates in a
domesticated breed under strong selection, contributing to the understanding of the
underlying mechanisms of individual recombination in cattle as well as in mammals in

general.
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Abstract

Meiotic recombination ensures proper segregation of homologous chromosomes in meiosis
while also breaking down linkage disequilibrium and shuffling alleles of genes located on the
same chromosome. The Atlantic salmon genome shows patterns of delayed diploidization
following a whole genome duplication event ~80 mya in the common ancestor of the
salmonid lineage, which is likely the cause of the marked differences in distribution of
recombination rate between males and females. In this study we use more than 1900 full sib
families with large offspring groups to investigate the genetic variation in individual
measures of recombination in an Atlantic salmon breeding population with high-density SNP
genotypes. The heritability of genome-wide rates of recombination was low but significant in
both sexes (h?=0.11 and 0.12 in females and males, respectively) and is similar to estimates
in mammalian species. The extreme patterns in males where recombination is restricted to
telomeric regions leads to substantially lower levels of genetic shuftling in paternal gametes
compared to maternal gametes. In females, the variation in shuffling between individuals is
larger than in males and 16 % of the phenotypic variation is explained by genetic variation,
suggesting a potential for genetic change in overall rates and distribution of recombination in

the Atlantic salmon.
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Background

Meiotic recombination is the event where crossing over occurs between the maternal and
paternal chromosomes during synapsis in the early prophase I of meiosis, leading to novel
combinations of alleles in the gametes transmitted to the next generation. Recombination is of
large interest in studies of both wild and domestic species as it breaks up linkage between loci
located on the same chromosome and is therefore an important force in creating novel genetic
variation for selection to act upon. Several studies show that recombination also has a
mechanistic role in the proper alignment of chromosomes during meiosis and that a lack of
recombination usually leads to aneuploidy (Sherman et al., 1991; Hassold et al., 1995;
Koehler et al., 1996; Fledel-Alon et al., 2009). However, formation of double strand breaks
to form crossovers is mutagenic (Halldorsson ef al., 2019) and can also break apart beneficial
combinations of alleles (Charlesworth and Barton, 1996). Yet, the number and position of
crossovers can vary within and between species, sexes, individuals and chromosomes (Ritz,

Noor and Singh, 2017; Stapley et al., 2017).

Various studies in eukaryotes find a genetic component to individual variation in
recombination rate. Several genes have been associated with crossover count in a number of
species, suggesting that it might be under oligogenic control and have a conserved genetic
architecture (Dumont, Broman and Payseur, 2009; Ma et al., 2015; Hunter et al., 2016;
Johnston et al., 2016; Petit et al., 2017; Wang et al., 2017; Halldorsson et al., 2019; Johnsson
etal.,2021). Genes like RNF212, REC8 and RNF212B are often associated with
recombination rate in mammals (Kong et al., 2008; Sandor et al., 2012; Kadri et al., 2016;
Johnston, Huisman and Pemberton, 2018; Johnston, Stoffel and Pemberton, 2020) and
PRDM9Y has been identified as a gene that determines recombination hotspot location in

mammals (Baudat et al., 2010). A common feature of recombination is that most species
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have differences in recombination rates between sexes (known as heterochiasmy) which can
be male or female biased (Lenormand and Dutheil, 2005; Brandvain and Coop, 2012; Stapley
et al.,2017; Sardell et al., 2018). An although the causes and consequences of this sexual
dimorphism has been of interest for decades (Dunn and Bennett, 1967; Nei, 1969; Burt and
Bell, 1987; Burt, Bell and Harvey, 1991; Barton and Charlesworth, 1998; Mank, 2009), the

mechanistic and evolutionary drivers that lead to heterochiasmy are not yet well understood.

Because of their importance in aquaculture and evolutionary biology, there are many linkage
maps in teleost fish, but little is known about how recombination differs at the individual
level, and if it is heritable. One striking feature is the marked sex differences and that the
direction of heterochiasmy can vary even between closely related species, but the
evolutionary mechanisms remain unclear (Cooney, Mank and Wright, 2021) A limitation of
previous studies using population-level map lengths alone is that whilst they may show
differences in overall rate, they do not quantify the landscape of heterochiasmy, which can
vary to a large degree in teleosts (e.g. salmonids where males recombine almost exclusively
in telomeric regions, versus sticklebacks where recombination is more uniform (Rastas et al.,
2015). These sex differences in landscape may have adaptive importance in terms of
differences in genetic shuffling between the sexes i.e. how often pairs of loci are broken
apart due to the positioning of crossovers on the chromosomes (Veller, Kleckner and Nowak,
2019). Overall, extending the exploration to look at recombination within gametes can allow
us to investigate the extent to which crossover count and genetic shuffling varies at the
individual level and what the genetic architecture is, but also the extent to which the genetic
architecture of recombination differs between the sexes and its potential role in driving

heterochiasmy.
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Atlantic salmon (Sa/mo salar) are known to have distinct differences in recombination
landscape between males and females (Lien et al., 2011; Gonen et al., 2014). Early linkage
maps in Atlantic salmon showed little to no recombination in males because the analyses
were based on few markers and information in the telomeric regions were lacking (Moen et
al., 2008). As marker density increased, it was shown that males recombine with an overall
rate relatively close to that of females in most chromosomes, but that male recombination
occurs almost exclusively in the telomeric regions (Lien et al., 2011). Similar sex-specific
recombination patterns are also found in rainbow trout Oncorhynchus mykiss (Sakamoto et
al., 2000). The Salmonidae family (salmon, char, trout, whitefish and graylings) share an
ancestor that underwent a whole genome duplication (WGD) event some 50-100 million
years ago (Ohno, Wolf and Atkin, 1968). Studies in salmonids find that homeologous
chromosome arms (i.e. those that were originally derived from the same chromosome during
WGD events) that still show high sequence similarity can exchange genetic material during
meiosis in a quadrivalent formation (Allendorf et al., 2015), which appears to be almost
exclusive to male meiosis (Timusk et al., 2011; Waples, Seeb and Seeb, 2016) and is

therefore likely to result in different recombination patterns between the sex.

In this study, we investigate individual recombination rate variation and genetic shuffling in a
large pedigree of Atlantic salmon. We construct sex specific linkage maps from more than
1,900 full sib families with genotypes on ~36,000 SNP markers to quantify individual rates of
recombination and investigate the genetic architecture of the trait. We then investigate how
differences in male and female crossover positioning affect the frequency of genetic shuffling

in maternal and paternal gametes.
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Methods

Genotype data

A total of 128 363 individuals from the Norwegian AquaGen Atlantic Salmon (Salmo Salar)
breeding line were studied. This breeding program started in 1970 and the founders of the
population stem from 41 Norwegian rivers(Gjedrem, Gjeen and Gjerde, 1991). Fish from the
2018- and 2020-year classes were included. Genotypes for the 2018 individuals in the study
was obtained from a database of genotypes from routine fish genotyping performed by
AquaGen as part of their breeding program. The individuals were genotyped on a mix of
three custom Thermo Fisher genotyping arrays developed for salmon, with marker densities
of approx. 50,000 for one array and two arrays with 70,000 markers. All genotype calls were
made using a pipeline developed according the Thermo Fisher Best practices Genotyping
Analysis workflow. Only markers common to all three arrays were included, and markers in
the good categories PolyHighRes and NoMinorHom were kept for further analysis. Filtering
based on these quality parameters, gave a total genotyping call rate for the data set of 0.997.
The genotypes for the 2020 year class, was obtained in the same manner as described above,
but in this case using only the two genotyping arrays with 70,000 markers density, and
therefore ~57,000 markers instead of ~36,000. The datasets from the two year classes were
merged, and only markers common to both datasets were used in further analysis, resulting a

datset with 36 394 markers, referred to as the 36K dataset (Table 1).

Table 1. Genotype summary for each data-set.

Data-set Number of individuals  Number of markers
AS18 83132 36394
AS20 45 231 57 648
36K (AS18 and AS20) 128 363 35715
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Three generation full-sib families

In order to carry out linkage mapping and crossover estimation, the pedigree was ordered into

three generation full-sib families in the following manner: for each unique sire — dam mating

pair (hereafter referred to as focal individuals or FIDs), a family was constructed including
their offspring and potentially genotyped parents (see Figure 1 for illustration of the family
structure). This enables phasing of the gametes transmitted from the FIDs to their offspring,
and in turn allows the counting of crossovers inherited within that gamete from meiosis
occurring within the FIDs. An FID can be in several families if the individual is mated with
several individuals in the pedigree, or as an offspring or grandparent, but each gamete
transmitted to an offspring is only counted once using this approach. The crossover count is
assigned as a phenotype to the FID. The 36K set had 1,952 full-sib families with number of
offspring in a family ranging from 1 to 543. Because the number of full-sibs were high in

most of the families, genotyped grandparents were not vital for proper phasing of the

offspring gametes, and therefore having grandparents within the family was not set as a fixed

criteria for this analysis.

g

ok
CNENOOmONOONNS

Figure 1 Illustration of the full sib family structures. The focal individuals (FIDs) in the

study are the parents, in black and the recombination events studied are the ones transmitted

in gametes from the FIDs to the offspring.
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Linkage mapping

The SNP markers on each genotyping array have their physic positions mapped to the
Atlantic salmon reference genome (assembly ICSASG_v2) (Lien ef al., 2016). Linkage
mapping was done with the LepMap3 software (Rastas, 2017). The filtering? module was run
as suggested for multi-family datasets with a datatolerance = 0.01 to filter markers based on
segregation distortion. The seperatechromosomes2 module was run within each linkage
group and markers that were not assigned to the main group (i.e. LOD score < 5) were
excluded, as suggested for analysis of species where chromosome assignments are well
established. The number of markers in the final linkage map after these quality control steps
can be found in Table 2. The Ordermarkers2 module was run with the option to evaluate the
given marker order, i.e. to calculate the centimorgan (cM) positions for the markers based on

the pre-ordering of the markers using the Haldane mapping function option.

Fine-scale recombination rates along the genome
Fine scale recombination rates were measured as the cM distance per megabase (cM/Mb)
within each 1Mb bin, where the cM distance was measured between the first and last SNP

marker within each bin.

Individual recombination rates

Individual recombination rates were measured as autosomal crossover counts (ACC).
Crossovers were counted from the gamete phase from the output of the orderMarkers?2
module, and assigned to each parent, i.e., FIDs in which the meiosis took place. There were a

total of 145,590 observations from 621 unique females and 148,060 from 416 unique males.
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Genetic shuffling within individuals

Genetic shuffling was calculated as the probability that a randomly chosen pair of loci was
shuffled during gamete production (in meiosis) following the method suggested by Veller et
al. (2019). We defined the parameter 7 as the genetic shuffling within a gamete generated by
recombination alone and independent of shuffling between loci generated by independent
assortment of chromosomes. The 7 for one gamete is calculated using the following equation

(Veller et al. 2019):

E[r] = Z 2p (1 — py) L,
k=1

where k is the chromosomes 1-29, px is the proportion of grand-paternal alleles on
chromosome £, /-pr is the proportion of grand-maternal alleles on chromosome k, and L is
the length of the chromosome £ as a fraction of the total length of the genome. For each
phased offspring gamete in the output from the Ordermarkers2 module in Lepmap3, 7
assigned as an observation to the paternal or maternal FID, resulting in multiple observations

of 7 for each FID.

Genetic variance in measures of recombination
Variance components for individual ACC and 7 were estimated in DMU v6 (Madsen et al.,
2014) with a repeatability model using the Restricted Maximum Likelihood (REML) and

average information (Al) algorithm. The model was:

Y = sex + bi*age +id1 +id2 +b2*het + ¢
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where Y is the ACC or 7, sex is the fixed effect of sex, id1 is the random additive genetic
effect of the FID, id2 is the random effect of the FID permanent environment (i.e.
environmental effects that are constant across repeated measures on an FID), het is the
method-of-moments F coefficient estimates calculated with the --Aet function in PLINK1.9
(Chang et al., 2015), b2 is the regression of ACC or 7 on het of the FID, and e is the residual
effect. The narrow-sense heritability (4°) was defined as the proportion of phenotypic
variance explained by the additive genetic effect and was estimated separately for each sex.
Repeatability was measured as the sum of the genetic variance and permanent environment

variance divided by the total phenotypic variance.

Genome-Wide Associations between markers and measures of recombination

The MLMA-LOCO (Leave One Chromosome Out) module implemented in in GCTA (Yang
etal.,2011) was used to look for loci associated with the mean ACC and 7 per individual.
The module runs a mixed linear model-based association where the chromosome that the
candidate marker is located on is left out of the calculation of the genomic relationship
matrix, to correct for relatedness. The significance threshold equivalent to P = 0.05 after

correcting for multiple testing was set as P = 0.05/Number of markers.
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Results

Linkage mapping

The sex-specific autosomal linkage maps spanned a total of 2294.3 ¢M in females and 1593.5
cM in males, with the female map 1.44 times longer than that of males (Table 2, Figure 2).
The biggest sex differences are on chromosomes 2, 8 and 17, where the female maps are
10.08, 12.27 and 6.86 times longer than the male maps, respectively. These large differences
agree with a previous linkage mapping study in Atlantic salmon (Lien et al. 2011). It is likely
that these large differences in length are because we are unable to detect the majority of male
recombination events on these chromosomes, as the map lengths are only 4-10 cM long and
therefore much shorter than the minimum bound of 50cM for linkage map lengths as a result
of obligate crossing-over during meiosis. In the rest of the chromosomes, the sex difference is
between 1 and 2.2 fold longer in females, and with slightly longer male maps for

chromosomes 21, 23 and 24 (Table 2, Figure 2).
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Table 2. Summary of linkage map results by sex and chromosome.

Physical | Male linkage Female Female/ Male Female
Chr length map length linkage map Male recombination | recombination
(Mb) (cM) length (cM) Ratio rate (cM/Mb) rate (cM/Mb)
1 159.04 109.94 155.49 1.41 0.69 0.98
2 72.94 10.04 101.17 10.08 0.14 1.39
3 92.50 59.95 114.38 1.91 0.65 1.24
4 82.40 64.43 105.69 1.64 0.78 1.28
5 80.50 65.80 110.47 1.68 0.82 1.37
6 87.04 56.83 113.38 1.99 0.65 1.30
7 58.79 63.99 114.36 1.79 1.09 1.95
8 26.43 4.26 52.29 12.27 0.16 1.98
9 141.71 49.82 110.48 222 0.35 0.78
10 116.14 72.43 85.56 1.18 0.62 0.74
11 93.89 58.19 81.51 1.40 0.62 0.87
12 91.88 62.24 83.73 1.35 0.68 0.91
13 107.76 73.51 82.42 1.12 0.68 0.76
14 93.90 75.88 80.35 1.06 0.81 0.86
15 103.96 56.09 80.30 1.43 0.54 0.77
16 87.80 60.04 71.23 1.19 0.68 0.81
17 57.68 9.08 62.25 6.86 0.16 1.08
18 70.70 60.19 64.44 1.07 0.85 0.91
19 82.98 52.68 59.84 1.14 0.63 0.72
20 86.80 58.04 59.78 1.03 0.67 0.69
21 58.02 53.77 53.67 1.00 0.93 0.93
22 63.42 53.56 61.69 1.15 0.84 0.97
23 49.85 64.04 54.76 0.86 1.28 1.10
24 48.65 55.14 55.09 1.00 1.13 1.13
25 51.48 47.81 58.74 1.23 0.93 1.14
26 47.90 41.06 52.60 1.28 0.86 1.10
27 43.94 48.97 51.82 1.06 1.11 1.18
28 39.60 51.43 58.64 1.14 1.30 1.48
29 42.49 54.30 58.14 1.07 1.28 1.37
Total 2,240.20 1,593.50 2,294.27 1.44 0.71 1.02

Total is the total lengths and rates of the 29 chromosomes. The physical lengths (Mb) of
chromosomes are taken from the Atlantic salmon reference genome (assembly ICSASG_v2)
(Lien et al., 2016).

90



100- ]
50 B B e s i +
0-1 e i e /
0 50 100 1500 20 40 60 O 25 50 75 0 20 40 60 80 O 20 40 60 80
6 7 8 9 10
100-
50- | - .»
O-F—=—+— —" v |} : ; Y AR
0 25 50 75 0 20 40 600 10 20 0 50 100 0 30 60 90 120
11 12 13 14 15
100-
50- - - ,
0-H———" ———— — ¥ “‘_/ e sex
s 0 25 50 75 0 25 5075 0 30 60 90 0 25 50 75 0 25 50 75100
= 16 17 18 19 20 female
male
100-
50-

0-f 0 \ .; 0 0 D D D D OO 0 ' '
0 25 560 75 0 20 40 0 20 40 60 0O 2040 60 800 25 50 75

21 22 23 24 25
100-
50- N
o- / T 7 ] T
0 20 40 600 20 40 60 0 10203040500 10203040500 1020304050
26 27 28 29
100-
50- B X
0- | e e
0 10203040500 10 20 30 40 0 10 20 30 400 10 20 30 40
Mb

Figure 2. Male and female linkage maps for the 29 Atlantic salmon chromosomes.

The physical position in Mb is plotted against the genetic position in cM for the SNP markers
within each linkage group. Female positions are in red and male positions are in blue. The
vertical dashed line in yellow is the centromere position from Lien et al (2016)

Fine scale recombination rates along the genome

The pattern of recombination rate across the genome is strikingly different between males
and females in agreement with previous studies (Lien et al., 2011; Gonen ef al., 2014). Male
recombination rates are highly elevated in the sub-telomeric regions with an almost complete
absence of recombination across the rest of the chromosomes (Figure 3). Conversely, female

recombination is more evenly distributed along the genome, is greatly reduced in sub-
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telomeric regions, and is slightly elevated in some regions closer to the centromeres (Figure
3). Recombination is suppressed in immediate proximity to the centromeres in both sexes on

almost all chromosomes.
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Figure 3. Fine-scale sex-specific recombination rate along the 29 Atlantic salmon
chromosomes. The recombination rate in cM/Mb within each 1Mb bin, with males in blue
and females in red. The dashed vertical lines in yellow are the centromere positions from
Lien et al. (2016).
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Individual crossover rates and genetic shuffling.

Both the autosomal crossover counts (ACC) and intra-chromosomal genetic shuffling values
() were approximately normally distributed in both males and females. The mean ACC, with
standard deviation in parentheses, was 19.7 (4.7) in females and 11.9 (3.8) in males (Figure
4). Means and standard deviation for 7 was 0.00759 (0.002.06) for females and 0.00113

(0.00068) for males. (Figure 5, Table 3)
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Figure 4. Distribution of autosomal crossover count (ACC) for each sex.
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Figure 5. Distribution of intrachromosomal genetic shuffling 7 in each sex.

Heritability and repeatability of ACC and 7

The heritability (h?) for ACC was 0.12 (SE = 0.03) in males and 0.11 in females (SE = 0.02;
Table 3). In both sexes, most of the phenotypic variance is explained by the error term. There
was an effect of inbreeding on ACC, where higher inbreeding coefficients were associated
with reduced crossover counts. Genetic shuffling 7 was significantly heritable in females (h?
=0.16, SE = 0.03), but not in males (h?>= 0.05, SE = 0.06). The effect of inbreeding on 7 is
lower than on ACC in females, whereas in males higher inbreeding has the opposite effect,
leading to slightly lower 7. The genetic correlations between ACC and 7 was 0.86 (0.01) in
females, but only 0.42 (0.05) in males. The genetic correlations between male and female

ACC and ¥ was 0.17 (0.17) and 0.11 (0.15), respectively.
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Table 3. Results from variance component estimation of ACC and 7 (x1000).

Trait  sex NFIDs Nobs mean (sd) h?%(SE) effect F

ACC female 621 145590 19.71 (4.65) 0.11(0.02) -12.94

ACC male 416 148060 11.92 (3.81) 0.12 (0.03) -5.85

7 female 621 145590  7.59(2.06)  0.16(0.03) -5.14

T male 416 148060 1.13 (0.68) 0.05 (0.06) 0.34

NFrips are the total number of FIDs (with repeated observations) and Nobs is the total number
of observations (i.e. gametes) for each sex. Mean is the mean ACC or 7 (x1000) with
standard deviations in parentheses. h? is the heritability estimate with standard errors in

parentheses. Effect F is the estimated effect of inbreeding for each trait and sex.

Table 4. Genetic and phenotypic correlations between male and female ACC and 7.

Female
Male r Female ¥ | Male ACC
ACC
Male r - 0.13 -
Femaler | 0.11 (0.15) - 0.74

Male ACC | 0.42 (0.05) - -

Female

Phenotypic correlations

- 0.86 (0.01) | 0.17 (0.17)
ACC

Genetic correlations

Genetic correlations with standard error in parenthesis between the two traits for each sex and
between males and females for both traits in the lower triangle. Phenotypic correlations

between the two traits for each sex in the upper triangle.
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Genome wide association analyses of ACC and 7

Two SNP loci were significantly associated with male ACC. The top SNP occurred at ~132
Mb on chromosome 1 (slope = 1.886, SE = 0.359, P = 1.47x1077; Table 5, Figure 6). There
were no clear candidate genes with functions related to meiosis. The locus SWI5, which is a
homologous recombination repair gene (Gene ID: 100195612, Benson et al., 2017) is 7.7 Mb
downstream from this marker. The other significant SNP occurred at ~33Mb on chromosome
11 (slope =2.109, SE = 0.416, P = 4.05x1077; Table 5, Figure 6). However, again, there were
no clear candidate genes with functions related to meiosis. There were no further significant
SNPs associated with ACC or 7 in males or females in this study (see Table 5 for the top 5
SNPs for each trait; full results are plotted in Figures 6 & 7). However, it is worth noting that
for male 7, the two top SNPs (located at ~17 and 20Mb on chromosome 11) have a meiotic
recombination protein coding gene, RECI14, between them (Gene ID: 1065621289, Benson

etal., 2017).
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Table S. Top five SNPs from genome-wide association analysis with Male and female
autosomal crossover count (ACC) and intrachromosomal shuffling (r).

ctg7180001873044_6275_SAC" 132926135 0.05  1.886(0.359)  1.47E-07

11 ctg7180001855396 4974 SAG" 32967616  0.03  2.109 (0.416) 4.05E-07

8 6 ctg7180001878488 1814 SAG 24177632  0.07  1.305(0.290)  6.89E-06

< 1 ctg7180001868490_5665_SCT 30757854  0.10  1.017(0.234)  1.37E-05

© 3 ctg7180001881801_5357_SAG 68273136  0.03  1.894 (0.444)  1.96E-05
§ 11 ctg7180001809099_11901_SCT 20172905  0.20  0.268 (0.061)  1.27E-05
11 ctg7180001928069_1860_SAG 17951854  0.23  0.255(0.059)  1.42E-05

I~ 13 ctg7180001890089_1886_SCT 84699720  0.05  0.451(0.104)  1.44E-05

21 ctg7180001808275_4599_SAC 16403453  0.20  0.248 (0.058)  1.76E-05

20 ctg7180001910409_1746_SGT 78888079  0.09  0.334 (0.082)  4.85E-05

15 ctg7180001922064 3259 SAG 100964747 0.38  -0.800 (0.170)  2.53E-06

18 ctg7180001924742_3375_SGT 29080197  0.26  0.823 (0.177)  3.49E-06

8 19 ctg7180001836738_1599_SAG 26049954  0.06  2.381(0.513)  3.50E-06

< 18 ctg7180001566763_174_SAG 15856593  0.23  0.815(0.192)  2.25E-05

2 12 ctg7180001302330_2749_SAC 85852951  0.28  -0.776 (0.184)  2.53E-05
E) 9 ctg7180001896984_ 3593 _SGT 121046130 0.26  -0.002 (0.000)  2.31E-06
9 ctg7180001896984 3747 SAC 121046284 0.26  -0.002 (0.000) 2.41E-06

I~ 9 ctg7180001833464_333_SAG 129063540 0.22  -0.002 (0.000)  6.50E-06

9 ctg7180001850551_2639_SCT 129630313  0.34  -0.002 (0.000)  6.95E-06

5 ctg7180001819026_9900_SAC 49941475  0.08  -0.003 (0.001) 2.26E-05

SNP is the SNP marker names; bp is the base pair position of the marker; MAF is the minor
allele frequency of this marker; beta is the additive effect size (i.e. the slope) of the effect
allele with standard error in parentheses; P is the P value for the marker. *Marker was
significantly associated with the phenotype (equivalent to P < 0.05 after correcting for

multiple testing).
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Figure 6. Manhattan plots of genome-wide association between markers and autosomal
crossover count (ACC) for males (A) and females (B). The red line is the genome-wide

significance threshold equivalent to P = 0.05 after accounting for multiple testing. The y-axis

is the negative logio of the p-values, and the x-axis is the physical positions of the markers
with alternating colors for chromosomes 1-29.
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Figure 7. Manhattan plots of genome-wide association between markers and
intrachromosomal shuffling (7) for males (A) and females (B). The red line is the genome-
wide significance threshold equivalent to P = 0.05 after accounting for multiple testing. The
y-axis is the negative logio of the p-values, and the x-axis is the physical positions of the
markers with alternating colors for chromosomes 1-29.
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Discussion

In this study, we confirm sex differences in genome wide recombination rate and substantial
differences in recombination landscapes between males and females in Atlantic salmon. We
show that there is variation in individual recombination rates and that they are heritable in
both males and females, but with a low genetic correlation between the sexes, suggesting that
parts of the genetic architecture of the trait is sex-specific. We also measure individual intra-
chromosomal shuffling of loci and find that this is also a significantly heritable trait in
females, but not in males. Females contributed substantially more genetic shuffling of alleles
from one generation the next due to higher rates of recombination and more even distribution
of crossover locations. Two regions of the genome were associated with male autosomal
crossover count but did not correspond to clear candidate genes; there were no significant
associations with female crossover rate or genetic shuffling in both sexes. Here, we explore
the results in more detail and discuss how the findings may be relevant in the breeding work
on Atlantic salmon as well as contributing to the general understanding of variation in

recombination rates and patterns.

Sexual dimorphism in recombination rates and patterns.

The sex-specific linkage maps show a female-biased heterochiasmy in salmon and a
strikingly large differences in the distribution of crossovers along the chromosome. This
agrees with previous studies (Lien et al., 2011; Gonen et al., 2014). The linkage maps in this
study do not have a higher number of markers than already published linkage maps of
Atlantic salmon, but the number of individuals used is much higher, capturing a higher
number of meioses and allowing more fine-scale resolution of distances between markers.
Figure 2 shows that the markers are well-distributed without large jumps of cM distance

between adjacent markers and/or inflation in the genetic length, which can be indicative of
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mapping errors. The total length in cM of the male and female linkage maps is shorter than
previous studies have found (Lien et al., 2011; Gonen ef al., 2014) which may be due to more
accurate physical positions of the markers. However, the sex difference (1:1.38) is the same
as determined by Lien et al (2011). On the chromosomes with the largest sex differences in
total genetic length, the male maps show little to no recombination in one or two sub-
telomeric regions (i.e. chromosomes 2, 8 and 17; Figure 2). These regions coincide with
regions reported to have > 90% sequence similarity with regions on other chromosomes (Lien
et al., 2016). The combination of both high similarity and some reduction of recombination
between homologues suggests that these chromosomes may be experiencing delayed
rediploidization and are forming quadrivalents during meiosis (Lien et al., 2016). Cytological
studies in different salmonid species find that multivalent pairing happens primarily in males
(Timusk et al., 2011; Allendorf et al., 2015). The high sequence similarity and tetrasomic
inheritance also make these areas difficult to genotype and to map, and these regions also
coincide with regions characterised by low marker density in our dataset (Figure S1).
Therefore, we cannot exclude that there might be recombination events occurring in these
regions that we cannot detect, suggesting that genome wide male recombination rates may be

underestimated in Atlantic salmon.

Genetic variation in individual measures of recombination

To the best of our knowledge, our study provides the first estimates of additive genetic effects
for individual measures of recombination in Atlantic salmon. The heritability of ACC is
moderate, with measures of 0.12 in males and 0.11 in females. Estimates in other species
range from around 0.05 — 0.18 in pigs (Johnsson ef al., 2021), sheep (Johnston et al., 2016;
Petit et al., 2017), cattle (Kadri et al., 2016) and red deer (Johnston, Huisman and Pemberton,

2018) to as high as 0.41 and 0.46 in some Drosophila strains (Hunter et al., 2016) and mouse
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lines (Dumont, Broman and Payseur, 2009) respectively. The genetic correlation between
male and female ACC was positive but low (ra = 0.17), indicating that there are different
genetic architectures affecting crossover rates in males and females. This is perhaps not
surprising, considering the large differences in recombination patterns between the sexes.
Using a genome-wide association analysis, we identified two SNP markers that exceeded the
significance threshold in for male ACC. However, some caution must be exerted in
interpreting this finding. First, these loci had relatively low minor allele frequencies (MAF <
0.05); as using mean values led to a relatively low sample size for the GWA analysis, this can
increase the probability of obtaining false positive results at rare alleles due to sampling
effects. Secondly there are no candidate genes associated with meiosis in close proximity to

these two SNPs.

Studies in other systems imply that there are a number of moderate to large effect loci
controlling recombination, so perhaps it is surprising not to detect loci for this trait.
However, those studies were carried out in mammals, where conservation of genetic
architecture may be stronger than between mammals and fish (Sandor ef al., 2012; Johnston
et al., 2016; Halldorsson et al., 2019; Johnsson et al., 2021). We may have reduced power in
our data to identify SNP associations: first, there is relatively low marker density in some
areas of the genome, particularly in regions with high sequence similarity between
chromosomes (Lien et al 2016); and second, the individual sample sizes are comparatively
low to other GWAS studies, with 416 and 621 FIDs with phenotype in males and females
respectively. A next step would be to measure this trait in more individuals genotyped on a
higher density chip, and to expand the GWAS to incorporate multiple measures of
recombination per individual, rather than using the individual means as in this study; this was

not carried out here due to time constraints and the analysis being highly computationally
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intensive. Furthermore, a newly released reference genome has enabled development of SNP
arrays with better physical mapping of a high number of markers, which may mitigate the

issues of marker density.

In addition to the genes affecting recombination rate often found in mammals (see previously
cited examples), future work could also focus on candidate genes for variation in males
associated with homologous vs. homeologous chromosome pairing. For example, in both
hexaploid bread wheat and tetraploid pasta wheat, a major gene Ph/ has been found to
control correct pairing of homologous chromosomes in meiosis, resulting in a stable diploid
meiosis despite genome duplication (Griffiths et al., 2006). This could be done by mapping
homeologous recombination as carried out in previous studies of salmon (Waples, Seeb and
Seeb, 2016) and investigating loci associated with potential variation in the number of

homologous vs. homeologous recombination events.

Sexual dimorphism in the shuffling of alleles

Intra-chromosomal shuffling () is significantly heritable in females but not in males. This
trait reflects genetic variation in crossover locations, but high phenotypic and genetic
correlations between 7 and ACC in females (0.74 & 0.86, respectively; Table 4) indicates that
these traits are not independent, where the distribution of crossovers along the chromosome is
more evenly distributed. However, in males there is relatively little intra-chromosomal
shuffling (in both the mean and variance) due to recombination occurring almost exclusively
at the sub-telomeric regions. When more than one crossover occurs between a pair of
chromatids with an even distribution as in females, the additional crossover will result in
more shuffling (Veller, Kleckner and Nowak, 2019), but if two crossovers happen either in

very close proximity or at the chromosome ends, most shuffling is essentially eliminated,
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which may explain the differences in correlations between the two traits between males and
females. In females, it may be of interest to better define a trait that aims to pick up purely the
genetic variation in crossover position, as this seems to be the main driver of the observed
difference in shuffling and could potentially show more accurate association with loci

affecting distribution of crossovers along the genome.

Most of the variation of ACC and 7 remains unexplained

We find that most of the phenotypic variance is explained by the error term. When studying
recombination events in liveborn offspring, we cannot obtain information from of all the
products of meiosis. In females, only 4 of chromatids end up in an oocyte and studies in
human suggest that there is variation in number of crossovers between oocytes and polar
bodies, suggesting selection against non-recombinants in the final product of meiosis
(Ottolini et al., 2015) Or there may be a potential role of meiotic drive(Brandvain and Coop,
2012) Similarly in males, it is unlikely that more than one of the four products of a meiosis
will be sampled in offspring. In both sexes, the release of eggs and sperm in external
fertilization also introduces the potential for selection to act on recombination during the
haploid and/or zygote phase, such as against aneuploid gametes (as a result of lower
recombination) or those that have accumulated mutations or unfavourable combinations of
alleles (as a result of higher recombination). Therefore, even in the absence of selection,
gametes only represent a sample of recombinant and non-recombinant chromatids assigned to
the gamete by Mendelian segregation, meaning that ACC and 7 are only a proxy for the true
rate of recombination and intra-chromosomal shuffling, which may be incorporated into the

error variance in the animal models.
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What are the implications for animal breeding?

Investigating recombination and the rate of genetic shuffling is of interest for breeding as it
can lead to the creation of novel haplotypes to exploit in selection, which is the essence of
breeding in animals and plants (Battagin et al., 2016). Here, the marked differences in
recombination patterns between the sexes leads to considerable differences in the probability
of shuffling between linked loci in male and female meioses. However, each offspring born
in a population will always inherit exactly one paternal and one maternal gamete, and in the
subsequent generation alleles should segregate independently of which sex they were
transmitted from in previous generations. Therefore, the genetic shuffling on population level
may be more affected by the variation within males and females, when a limited number of

individuals is contributing to the next generation.

Our finding that ACC and 7 are heritable suggest a potential to increase the amount of
recombination and genetic shuftling via selection on standing genetic variation within the
population (Battagin et al., 2016). However, little is known about the potential consequences
of selecting for more shuffling. Despite some evidence for a potential to increase genetic gain
with higher recombination rates (Battagin ef al., 2016), selecting for higher recombination
rates may not be beneficial. The negative consequences of extensive recombination rates
remain to be understood, but increased mutation rates (Halldorsson et al., 2019) combined
with the fact that there seems to be an upper limit for number of crossovers per chromosome
shared among species across a broad range of taxa (Ritz, Noor and Singh, 2017), suggests
that the negative effects of recombination. Similarly, "recombination load” may occur
through breaking up beneficial allele combinations, potentially outweighing the positive
effects of increased rate (Charlesworth and Barton , 1996). The mechanisms leading to the

observed variation in shuffling are probably mechanisms controlling crossover locations (as
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discussed above) and particularly in males, the factors controlling the amount of shuffling
may be genes associated with homologue vs homeologue pairing. It would be of interest to
further explore potential variation in the amount of multivalent pairing in males, and to
explore the potential to select for preferred homologue pairing and induce stable diploidy in
meiosis, as in wheat. More generally, our findings of a clear difference between male and
female genetic shuffling demonstrates how important the location of the crossover is for the
probability of generating novel combinations of linked loci, a factor that may be frequently

overlooked in breeding.

Conclusions

In conclusion, this study shows that there is genetic variation in genome-wide rates and
distribution of crossover events in the Atlantic salmon. Consistent with other studies, most of
the phenotypic variance is explained by the error variance, suggesting that studying crossover
events in offspring is not adequate to fully understand the genetic mechanisms controlling the
number and location of crossovers during meiosis. Potentially more important in breeding,
there are marked differences in the genetic shuffling produced by males and females, but
more studies should aim to include the inter-chromosomal shuffling in males as a
consequence of the multivalent pairing in male meiosis. Overall, these findings provide a
basis to understanding the evolution of recombination rates and distribution in Atlantic

salmon specifically, and more generally in species going through rediploidization.
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Abstract

Meiotic recombination leads to shuffling of loci located on the same chromosome. The
amount of intrachromosomal shuffling from one generation to the next is affected by the
number of crossovers, location of crossovers and crossover interference. In the domestic pig,
Sus Scrofa, genome wide recombination rates are higher in females than in males. However,
in this study we find that the genome wide intrachromosomal shuffling between pairs of loci
is higher in males than in females due to difference in distribution of crossovers along the
chromosome in the sexes. We show that this pattern is consistent in four of five different pig
breeds and that there is a genetic component to the variation in genetic shuffling.

Introduction

Meiotic recombination is when crossing over occurs between the homologues maternal and
paternal chromosomes during synapsis resulting in gametes with novel haplotypes. This event
breaks down linkage disequilibrium and lead to haplotypic diversity that can be exploited in
selection. Recombination also has a vital role in the proper alignment and segregation of
homologues chromosomes. (Sherman et al., 1991; Koehler et al., 1996; Hassold et al., 1995;
Fledel-Alon et al., 2009). Recombination can however also break up beneficial linkage
previously built up by selection (Charlesworth and Barton, 1996), and there is evidence for
increased mutation rates in recombination hotspots (Halldorsson et al., 2019; Arbeithuber et
al., 2015). Recombination rates vary between taxa and species, and even within and between
closely related populations (reviewed in Ritz et al., 2017; and Stapley et al., 2017). Most
species show some level of heterochiasmy (Burt et al., 1991) and in some species there is also
a substantial sexual dimorphism in the distribution of crossovers along the genome
(Sakamoto et al., 2000; Lien et al., 2011; Tortereau et al., 2012; Johnston et al., 2016). In
breeding this variation is of interest because it affects the production of novel allelic
combinations. Veller et al (2019) suggests shuffling of maternal and paternal alleles from one
generation to the next as an alternative measure that pics up both the number and distribution
of crossovers. The aim of this study was to compare our previous results of variation in
recombination rates within and between five domestic pig breeds with measures of
intrachromosomal genetic shuffling and investigate whether there is variation between sex
and breeds.

Materials & Methods

Data. This study focused on five purebred commercial breeding populations with pedigree
and genotype data: two sow breeds, Landrace (LR) and Large White (LW); and three boar
breeds, Duroc (DU), Synthetic (SY) and Pietrain (PI). The genotype data and filtering are
described in detail in Brekke et al. (2022).

Linkage mapping and crossover detection. Detailed description of linkage mapping, gamete
phasing, crossover detection and fine scale recombination mapping can be found in Brekke et
al. (2022).
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Genetic shuffling within individuals. Genetic shuffling was calculated as the probability that
a randomly chosen pair of loci was shuffled during gamete production following the method
suggested by Veller et al. (2019). We defined the parameter 7 as the probability of two alleles
at a chromosome being shuffled due to recombination, i.e excluding the part due to
independent assortment in equation (4) in Veller et al. (2019):

n

B[] = ) 2p(1 - p) 1
k=1

where k is the chromosome number (1-18), p is the proportion of grandpaternal alleles, 7-p is
the proportion of grandmaternal alleles and L is the length of the chromosome as a fraction of
the total length of the genome. For each phased gamete transmitted from a mother or father to
an offspring, shuffling was calculated following equation 1 and assigned as an observation to
the parent, resulting in multiple observations for the phenotype “genetic shuffling”, hereafter
referred to as 7, for each parent (hereafter focal individual, or FID).

Genetic variation. We estimated variance components for individual 7 with a repeatability
model using the restricted maximum likelihood (REML) method and average information
(AI) algorithm in DMU v 6 (Madsen et al., 2014). The following model was used:
r=sex+idl+id2+e

where sex is the fixed effect of sex, id1 is the random additive genetic effect of the FID, id2
is the random effect of the FID permanent environment (i.e. individual and/or environmental
effects affecting all gametes from an FID) and e is the residual effect. The narrow-sense
heritability (4°) was defined as the proportion of phenotypic variance explained by the
additive genetic effect and was estimated separately for each breed and sex.

Results

Mean 7 is significantly higher in males than in females in the LR (p=3.12¢"'%%), DU (p=2.51¢
85), PI (p =3.70e7?) and SY (p =2.38¢>?) breed. In the LW line 7 is only slightly, but
significantly (p = 1.40e") higher in females. Means and distribution are plotted in Figure 1.
Intrachromosomal shuffling is a heritable trait in females in all breeds, but only in the LR
breed in males. These results are presented in Table 1.

DU LR LW Pl SY
0.03- . !
0.02- I sex

- H I HI H H B3 Female
B3 Male
0.01-
° 0 L °
0.00- ‘ .
Breed

Figure 1. Sex difference in mean and distribution of shuffling.
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Table 1. Results from variance component estimation of 7.

Breed Sex Mean(SD) h%(SE) No obs!  No ind?
LR M 0.0167(0.0039) 0.03(0.01) 11805 155
LR F 0.0155(0.0043) 0.13(0.02) 11805 1960
DU M 0.0186(0.0038) 0.03(0.02) 4090 89
DU F 0.0168(0.0043) 0.09(0.02) 4090 661
LW M 0.0172(0.0039) 0.04(0.01) 41237 273
LW F 0.0175(0.0042) 0.15(0.01) 41237 4704

PI M 0.0168(0.0040) 0.03(0.01) 12159 196
PI F 0.0158(0.0042) 0.09(0.01) 12159 1355
SY M 0.0172(0.0039) 0.03(0.01) 25705 224
SY F 0.0166(0.0043) 0.05(0.01) 25705 2635

!Total number of observations (gametes).
*Total number of unique males or females with repeated observations.

A B
2.0- | I |
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Figure 2. A) Variation in recombination rates along chromosome 1 in the PI breed for males
in blue and females in red plotted with the loess method in the geom_smooth function in
ggplot2 (Wickham, 2007). B) Example of crossover positions and the resulting number of
pairs of loci shuffled (modified from Veller et al. (2019)).

Discussion

Our results show that the probability of shuffling between two loci on the same chromosomes
is low relative to the shuffling of alleles at different chromosomes (average of 0.5 due to
Mendelian segregation), but also that the intra-chromosomal shuffling differs between breeds
and sexes and is a heritable trait in the domestic pig. Genome wide recombination rates in
these pig breeds are higher in females than in males, and rates tend to be elevated in the
telomeric regions in both sexes (Brekke et al. 2022). In some chromosomes this pattern is
more extreme in females, i.e. recombination rates are higher than males in the telomeric
regions, but lower than in males closer to the centromere (e.g. as in Figure 2a). This could
explain why 7 is lower in females despite higher genome wide recombination rates. Figure 2b
illustrates why a central crossover leads to more shuffling and why the position of the
crossover may have a higher impact on the probability of shuffling between two loci than the
number of crossovers. It is however puzzling that one of the breeds show the opposite sex
difference in 7 (Figure 1). This breed (LW) is the breed with the highest overall rate (Brekke
et al. 2022). More evenly spread crossovers lead to more shuffling (Figure 2b). Differences in
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genetic shuffling can thus also be caused by differences in crossover interference between the
breeds, explaining part of the difference in 7. Our results show that even if overall levels of
sex-differences in recombination is the same in closely related populations, the shuffling
might be different, potentially because of rapidly evolving hotspot usage (Paigen and Petkov,
2010; Weng et al., 2014, 2019). It is not clear, however, how the difference between the sex
is maintained in a population from generation to generation as each offspring receives a
paternal and maternal gamete. Even if a different number of unique sires and dams mated in
each generation, the number of maternal and paternal gametes in each generation is always
exactly the same. A next step could be to look at differences in recombination and genetic
reshuffling between X and Y paternal gametes. The population level shuffling might be more
influenced by variation in 7 within the sex, and in males in particular in pigs as the selection
pressure is higher. In conclusion this study shows that variation in crossover distribution
affects the production of novel haplotypes from one generation to the next and that there is
variation in the shuffling caused by recombination between breeds, sex and individuals in the
domestic pig.
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4. Results

In this section results that are comparable across species and papers are presented. Detailed

information on the results for each species is in the respective papers.

4.1 Difference between species

4.1.1 Genome-wide recombination rate

Total sex averaged recombination rate in cM per Mb is highest in Cattle and lowest in
Atlantic salmon. When comparing sex specific recombination rate, female pigs and female
Atlantic salmon have the highest rate of 1.02 cM/Mb and Atlantic salmon males have the
lowest rate of 0.71 cM/Mb. There is a bigger difference between male rates in the three
species than female rates. Sex averaged and sex specific total rates for all three species are

presented in table 2.

cM/Mb
Species Sex average rate Female rate Male rate
Pig 0.91 1.02 0.80
Cattle 0.96 0.93 1.00
Atlantic salmon 0.87 1.02 0.71

Table 2. cM/MbD is the total genetic length in centiMorgan of the autosome in pigs and cattle
and genome in Atlantic salmon divided by the total physical length in Megabases.

4.1.2. Genetic map lengths and number of chromosome arms

Number of chromosome arms has been suggested as a better indicator of genetic length of a
genome (Coop and Przeworski, 2007). Presented here is the relationship between genetic
length and number of chromosome arms in the three species. Short arms of acrocentric
chromosomes are excluded. The cattle autosome consists of 29 acrocentric chromosomes, i.e.
29 chromosome arms (Liu ef al., 2009). The pig autosome consists of 18 chromosomes where
12 are metacentric or submetacentric and the rest are acrocentric resulting in 30 chromosome
arms (Hansen-Melander et al., 1974). The Atlantic salmon genome does not have sex
chromosomes and consist of 29 chromosomes where seven are metacentric or submetacentric

and 22 are acrocentric resulting in 36 chromosome arms (Lien ef al., 2016). Centimorgan per
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chromosome arm is highest in cattle for both sex averaged and sex specific estimates, in both
males and female the estimates suggest on average more than 1,5 crossovers per chromosome
arm per meiosis. The estimates are lowest for Atlantic salmon, in males an estimate of 44.26
cM signify on average less than one crossover per chromosome arm per meiosis. All
estimates are presented in table 3 and plotted in figure 2. The difference in cM per

chromosome arm in males is even bigger than the difference in cM/Mb.

c¢M/chromosome arm
Species Chromosome arms | Sex averaged | Male Female
Cattle 29 82.79 85.96 79.62
Pigs 30 68.82 60.25 77.39
Atlantic salmon | 36 54.00 44.26 63.73

Table 3. average genetic length in cM per chromosome arm. Number of chromosome arms is
excluding short arms of acrocentric chromosomes.
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Figure 2. Estimate of sex specific total genetic length plotted against number of chromosome
arms for males in blue and females in red. Circles for cattle estimates, triangle for pig
estimates (averaged across five breeds) and squares are atlantic salmon estimates.

4.1.3 Relationship between physical length and genetic length of the chromosomes

The relationship between the physical length and genetic length of the autosomes were tested
with linear regression. The relationship was close to linear in both male and female cattle
(adjusted R% = 0.92 and 0.97, respectively) (Table 3). In salmon however, the physical length

of the chromosomes is not a very good indicator of the genetic length with R2 = 0.5 for
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females and 0.33 for males. In the pig, the relationship between physical and genetic length
of the autosomes is very different in males and females. In males, the relationship is not far
from linear (R? = 0.84), but in females R? for linear fit is close to 0. Adjusted R? and p values
for linear fit between genetic and physical length of the autosomes is presented in table 3.

The relationship is plotted in Figure 3.

Species Sex Adjusted R? P-value

Pig Female 0.11 0.1022

Male 0.84 6.2e-08

Cattle Female 0.97 2.2e-16
Male 0.92 2.2e-16

Atlantic salmon Female 0.50 9.6e-06
Male 0.33 0.6e-03

Table 3. Adjusted R squared and respective p values for linear fit between genetic and
physical length of the autosomes.
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Figure 3. The physical length in Megabases is plotted against genetic length in centiMorgan
for each autosome for pigs in yellow (averaged across five breeds), cattle in red and Atlantic
salmon in blue. A loess smoother is fitted for solid line for female estimated genetic length
and stapled line for male estimates.

4.2 Sex differences

All three species show difference between male and female recombination rates, however to
varying degree and direction. In cattle, the genome wide rate is 8% higher in males and
although the sex difference is vague it is consistent across all 29 autosomes. In cattle,
crossovers are relatively evenly distributed along the genome and almost overlapping in
males and females (Figure 4A). In pigs, the genome wide recombination rate is 20-27 %
higher in females than in males. However, two of the chromosomes, 1 and 13, show higher
rates in males than in females for all five breeds, also in agreement with previous studies in
other pig breeds (Tortereau et al., 2012; Johnsson et al., 2021). Both male and female pigs
have slightly elevated recombination rates towards the telomeric regions, but this pattern is

stronger in females and there is a clear difference between the sex in all five breeds (Figure
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4B). In Atlantic salmon total rate is also higher in females, but the striking sex difference in
salmon however is the difference in distribution across the genome; in males crossovers are
almost exclusively occurring in the sub-telomeric regions, in females the pattern is a bit less

extreme, but opposite from males, i.e. rates are elevated closer to the centromere (Figure 4C).
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Figure 4. Physical positions in Mb on the x axis and genetic positions in cM on the y axis for
all SNP markers on an acrocentric chromosome from A) Cattle (chromosome 8), B) Pig
(chromosome 12) and C) Atlantic salmon (chromosome 22). The red line is the female
linkage map, and the blue line is the male linkage map. The pig male and female maps is the
average maps of the five breeds in paper I.

4.3 Genetic variance and architecture of individual recombination rates

Heritability estimates of autosomal recombination rate is low to moderate for both sex and all
three species, ranging from 4% to 12 %. In pigs, the trait is more heritable in females than in
males, but in cattle and Atlantic salmon, heritability is higher in males. All estimates are

presented in table 5.

Cattle Pig Atlantic Salmon
8-11%
2 0, 0,
? h 4% (5 breeds) 11%
4-7%
2 0, 0,
4 h 9% (5 breeds) 12%

Table 5. estimates of percentage of phenotypic variation explained by genetic variation for
autosomal crossover count for males and females in Cattle, pigs and Atlantic salmon.
(Detailed information on results are in papers I, II and II1.)
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We do not pick up signals of association for any of the same genes with individual
recombination rates in the three species. In pigs, 11 loci show significant association with the
genetic variation, where six loci have clear candidate genes, namely MEI1, PRDM7, MSH4,
RNF212, REC8 and SYCP2. In cattle, significant association is found in three loci, with
candidate genes also reported in previous studies in cattle, namely NEK9, RNF212b, MLH3
and CEP55. In Atlantic salmon, two loci are significant, but only supported by one marker

and without clear candidate genes close by.
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5. General discussion

5.1 Data quality

In this study datasets with 17 000- 130 000 individuals in each breed/population with 35K —
50K SNP genotypes was used to study recombination rate variation. All three breeding
companies routinely genotype a handful of individuals each year on high density SNP arrays
(700-900K), however, to maximize number of FID with genotyped parents, mates and
offspring, it was prioritized to have datasets with a high number of individuals that were
genotyped rather than a high number of markers. Considering that crossovers are usually
spaced apart due to crossover interference(Otto and Payseur, 2019), the marker density is
expected to be sufficient. However, it is possible that recombination events occurring very
close to one end of a chromosome are missed, particularly in Atlantic salmon, where males
recombine almost exclusively in the sub-telomeric region and because of high similarity
between homeologues, some telomeric regions are hard to map and consequently marker

density is low (Lien et al., 2016). (See marker density plot in supplementary S1 in paper IIL.).

Due to different breeding practices as well as biological differences in litter size, the family
structures in the three different species are different. Most of the cattle full-sib families had
only one offspring, which may make phasing of the FIDs less accurate. However, in the cattle
dataset, only families with genotyped grandparents (i.e. parents of the FIDs) were included.
Male cattle FIDs still had a high number of repeated measures from different families, but
most females only had one or two observations. In pigs, the number of offspring was between
1 and 27 in a full-sib family, suggesting that there is sufficient information in most families
for correct phasing of the FIDs. For analysis of genetic variation, the number of unique FID
males was substantially lower than for females in both cattle and pigs, because selection is
stronger in males. The power for estimation of genetic variation and detection of regions
associated with the trait is therefore better in females in the pig and cattle datasets. Which
may be why we almost exclusively pick up significant loci in the association analysis in
females. For salmon the number of unique males and females was similar, but lower than

number of cattle and pig females (Table 1).

Pedigree and genotype data have been used in many similar studies to this one (Ma et al.,

2015; Johnston et al., 2016, 2017; Petit et al., 2017; Johnsson ef al., 2021) and the results
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were therefore comparable with a lot of other species. However, a problem with this method
is that observations are biased towards successful gametes, i.e. gametes that turn into viable
offspring. A great addition would be to study oocytes and spermatocytes from the same

populations (this topic is further discussed in section 5.4).

5.2 Software used

The software Lepmap3 (Rastas, 2017) was used to construct the linkage maps and infer
individual recombination events. This software allowed for inclusion of pedigree and
genotype information and estimate sex specific linkage maps in addition to individual
recombination events. One potential downside with Lepmap3 is that it does not take half sib
information into account. Meaning that if an FID only has one offspring with each mate,
genotypes from all halfsibs is not utilized in the phasing of the FID. Other linkage map
softwares like for example CRIMAP (Green, Crooks and Falls K., 1990) have that option.
However, in the salmon families, number of offspring were most likely more than high
enough for proper phasing of the FIDs and in pigs and cattle, the FID always had genotyped
parents. In the different analyses, recombination rates were estimated based on a given order
of the markers. Lepmap3 also has the option to estimate the order of the markers within a
linkage group, this was tested but gave a poorer result (inflations in the map), suggesting that

the physical mapping of the markers in all three datasets was already good.

GCTA (Yang et al., 2011) was used for genome wide associations between marker alleles
and trait variation. A restriction with GCTA is that it is not able to take repeated observations,
for each individual an average across repeated observation was used in the analysis. This will
remove information about variation within individual, and it would be of interest to test the

same analysis again with a repeatability model.

5.3 Recombination and genetic shuffling

Availability of data from several breeds, three different kinds of species, and two different
taxa, allowed for direct comparison of the distribution and magnitude of variation in
recombination rates both between closely related populations and very distantly related

populations in an evolutionary perspective. In this section, the discussion focuses on variation
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across the three species. Discussion of all results for each species and analysis is in the
respective papers. Paper 1. also discuss the variation between the different pig breeds in more

detail.

5.3.1 Variation between species

There is a difference between the three species in sex averaged genome wide recombination
rate (total genetic length in cM/total physical length in Mb). The difference is 0.09 cM/Mb
between the lowest (Atlantic salmon) and the highest (Cattle) estimate. When comparing sex
spesific estimates there is a bigger difference between male rates than female rates. The
difference between the lowest and highest male rate is 3 times higher than the difference
between the lowest and highest female rate (Table 2). When comparing recombination rates
across species, it has been suggested that number of chromosome arms is a better indicator
than physical length in Mb (Coop and Przeworski, 2007). When looking at cM per arm, the
difference between these three species is higher than in cM/Mb. Cattle have the highest rate
per arm for both sex-averaged and sex specific estimates. Also with this measure the
difference between males is higher than the difference between females. Cattle male cM per
chromosome arm is almost double than male Atlantic salmon (Table 4). It should be noted
that the male salmon rate might be slightly underestimated (see discussion paper I11.) When
comparing these three species, the driver of variation in direction and magnitude of
heterochiasmy between the species is the male rates, weather this is just by chance or a
potential general pattern of heterochiasmy would have to validated by looking at more
species. However, variation in ACC within females is higher than within males in all three

species (See paper L., II. And II1.).

The relationship between physical length and genetic length of the chromosomes is linear in
Cattle, but in Atlantic salmon and pig, physical length of the chromosomes is a poorer
indicator of genetic length. In female pigs R? for linear fit is close to 0 (Table 3 and Figure 2).
This is mainly driven by chromosome 1 and 13, that are a notably larger chromosome than
the other chromosomes and much larger than any chromosome in cattle and salmon. Other
studies also find that recombination rates are often lower in larger chromosomes ((Johnston et
al., 2017). Also, chromosomes 1 and 13 are the only two chromosomes where male
recombination rate is higher than female recombination rate in pigs (See paper I.). A possible

explanation why physical length better explain genetic length in cattle may be that all
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autosomes are acrocentric, whereas pigs and Atlantic salmon both have several metacentric

autosomes, resulting in a higher number of chromosome arms.

5.3.2 Difference in magnitude and direction of heterochiasmy

A general observation from previous studies in recombination rate variation is that biological
sex is the main factor of variation in recombination rates within species (Dunn and Bennett,
1967; Burt, Bell and Harvey, 1991; Barton and Charlesworth, 1998; Lenormand and Dutheil,
2005a; Mank, 2009; Halldorsson ef al., 2016; Johnston et al., 2017). This seems to hold in
these studies as well, but the level and direction of heterochiasmy is different between the
three species. Male maps are longer in cattle and female maps are longer in pigs and Atlantic
salmon. The male to female ratio of total genetic length is 1:1.3, 1:0.9 and 1:1.4 in pigs, cattle
and Atlantic salmon respectively. In mammals, female biased heterochiasmy is most common
(Halldorsson et al., 2016; Johnston et al., 2017; Johnsson et al., 2021). Why recombination
rates vary between sex has been a topic of high interest, and one of the suggestions that have
received more attention the last decades is the difference in opportunities for selection at the
haploid stage (Lenormand and Dutheil, 2005). In eukaryotic systems female meiosis
experience meiotic arrest and meiosis is not completed until fertilization (Lenormand ef al.,
2016), hence the combinations of alleles are not expressed in the haploid stage as in
spermatocytes. However, in human there is some evidence of selection on recombination rate
during female meiosis where elevated rates are observed in the oocytes compared to the polar
bodies (Ottolini et al., 2015). If this occurs in more eukaryotic systems, selection on rates of
recombination in female meiosis might be for mechanistic purposes to ensure proper
segregation and production of a gamete that can result in viable offspring, whereas in males,
selection affecting recombination in the haploid stage could be more affected by the actual
allele combinations in the gamete (Parker, 1990). Following on this speculation, the direction
and magnitude of heterochiasmy in a population would be driven by male rates, and females
would have a shared optimum that is relatively stable across species. This would fit well with
the observation in this thesis that there is a bigger difference between male rates, and female

rates are more stable across species (Table 1 and 2).

More striking than the difference in Genome-wide rate is the clear difference between species
in the distribution of crossovers. The difference in recombination patterns is most extreme in
Atlantic salmon, where male rates are highly elevated in telomeric regions and female rates

are elevated in centromeric regions (Figure 2 and 3 paper II1.) Atlantic salmon is also the
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species in this study with the biggest difference between male and female meiosis with the
partial tetrasomic inheritance in male salmonids (Allendorf et al., 2015). In pigs the variation
in overall rates and distribution of crossovers is less consistent, two autosomes exhibit higher
crossover rates in male and the difference in distribution along the chromosomes between
males and females is fluctuating (Figure 4, paper L.). Interestingely though, the patterns are
very well conserved across breeds (Figure 2 and 3, paper 1.). The cattle sex specific
distributions of crossovers are overlapping and comparably more evenly distributed along the
genome than in the other species. Both domestic cattle and pigs are under strong selection
and both species were domesticated around 10 000 years ago (Gotherstrom et al., 2005).
Hence, attempts to connect the observed patterns to patterns of selection sweeps becomes
hard to justify when comparing to the other species. In fact, some recent studies find little
correlation between patterns of recombination and signatures of selection during speciation
(Turbek et al., 2021). The extreme pattern in Atlantic salmon suggests that patterns of
recombination rates may be more connected to genome evolution as salmonids have
undergone a relatively recent WGD event and studies suggests that stable diploidy is not yet
full retained (Timusk et al., 2011; Allendorf et al., 2015; May and Delany, 2015; Lien et al.,
2016).

5.3.3 Genetic basis of variation in recombination

The phenotypic variation in recombination rate explained by genetic variation is low to
moderate in all three species (4-12%) and most of the variation remains unexplained. This is
in agreement with many other studies that have used the same approach to study heritability
for recombination rates, i.e. genotype data on individuals in a population with known
pedigree) (Ma et al., 2015; Kadri et al., 2016; Petit et al., 2017; Johnston, Huisman and
Pemberton, 2018; Johnston, Stoffel and Pemberton, 2020; Johnsson et al., 2021). A shared
bias in these studies is that we are only sampling gametes from livebirths. There is great
evidence in human that a large percentage of miscarriages are due to aneuploidy, which is
usually caused by a lack of recombination between one of the homologues chromosome pairs
(Sherman et al., 1991; Hassold ef al., 1995). Studies in more products of the meiosis in more
species is needed to determine if the genetics of an individual has a greater influence on

recombination rate or not. Sandor et al (2012), studied genome wide recombination rate in
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sperm in Holstein Frisian bulls and estimated heritability (h?) at 0.22, which is substantially
higher than 0.09 in bulls in this study. There is no effect of age in any of our studies (could
only be tested in pigs and cattle). The age affects observed in human (Halldorsson et al.,
2016) may not be relevant in either of our species, as they do not reproduce at such high age

in the breeding programs.

We do not pick up any common genes affecting recombination in cattle, pigs and Atlantic
salmon. In pigs however, we pick up association at two genes that are also associated with
recombination rate variation cattle in a different study (Sandor ef al., 2012), namely REC8
and RNF212. These two genes have also been associated with the trait in several other
species, like human (Fledel-Alon ez al., 2011; Halldorsson et al., 2019), red deer (Johnston,
Huisman and Pemberton, 2018) and sheep (Petit et al., 2017; Johnston, Stoffel and
Pemberton, 2020). Alleles at these loci may not be segregating in our population, or we don’t
have enough power to pick up the association in our dataset. In pigs we pick up an
association in a region close to a gene annotated as PRDM7, which could potentially be
PRDMO, (see discussion in paper I.) PRDMD is usually a gene associated with hotspot usage
(Paigen and Petkov, 2018), but in cattle, PRDM9 has also been associated with variation in
genome-wide rates of recombination (Ma ef al., 2015; Shen et al., 2018). We did not
investigate hotspot usage in these studies, which would be an interesting next step that would
require higher density genotypes. Also, more investigation into the genetic control of
recombination rates in salmon with imputed or higher density data and/or with repeated
observations is required to further scrutinize common genetic architecture between the

species. (See discussion in paper I1I).
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5.4. perspectives
It is established that recombination rates vary between and within species and sex and along

the genome and that it is a heritable trait, but how is this relevant for breeding?

5.4.1. Potential to increase genetic variation

The genetic variation in these breeding populations as well as in most other natural and
domestic populations studied, suggests that there is a potential to increase recombination
rates to increase genetic variation. However, studies have shown that to achieve significant
increase in response to selection, recombination rates would have to be increased 10-20-fold
(Battagin et al., 2016). The consequences of increasing recombination rates to that level is not
known, but there is compelling evidence that substantial increase in recombination rates is
not beneficial. In humans, high levels of recombination have been associated with cancer
(Mao et al., 2009) and there is evidence of increased mutation rates in recombination hotspots
(Arbeithuber et al., 2015; Halldorsson et al., 2019). Because recombination can also break up
favorable linkage previously built up by selection, the benefits are likely to be outweighed by

the negative consequences.

5.4.2 Fertility

The genetic variation in recombination rates also suggest that there is a potential to decrease
population level rates of recombination. One important aspect in breeding is avoiding indirect
selection on a trait with a negative correlation with a trait of interest. A lack of recombination
between two homologue chromosomes during meiosis is often detrimental as it leads to non-
disjunction and aneuploidy in the resulting gamete (Sherman ef al., 1991; Hassold et al.,
1995). This suggests that there might be an association between low recombination rates and
reduced fertility. The ability to produce offspring is fundamental to the success of both
natural and domestic populations, and fertility is thus an important trait in all breeding
programs. There has been some evidence of a correlation between reduced fertility and
reduced recombination rate (Ma et al., 2015) which would be of interest to investigate in
these species. For one of the pig breeds there were breeding values available for fertility
traits. A simple correlation test was performed between individual ACC and breeding values
for these traits, failing to find a relationship (S1). However, there may be a potential to
compare results from this study with other data, for example from a recent study in sperm

quality in Norwegian Red cattle (Olsen, Heringstad and Klemetsdal, 2020). However, to
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avoid the potential bias in studying recombination in successful gametes, it would be of
interest to study crossovers in sperm and egg cells to further investigate the association with
fertility. If there is an association, it would be important to avoid indirectly selecting for

reduced recombination in a breeding population.

5.4.3 Genetic shuffling

Most of the shuffling of alleles in a genome from one generation to the next is caused by
independent assortment of chromosomes. Indeed, when calculating probability of shuffling
between any pair of loci in the data in this study, estimates are close to 0.5 (see figure S2), in
agreement with Veller et al (2019). The estimates of genetic shuffling caused by
recombination in paper III. And I'V. are very low in comparison, however, it can be argued
that it is the intrachromosomal shuffling that should be of interest in a breeding population,
because alleles on different chromosomes have a 50% chance of being reshuffled in every
generation, but if a reshuffling of linked alleles leads to a beneficial novel haplotype it may

percist and be passed on in future generations.

Individual intrachromosomal shuffling was only analyzed in Atlantic salmon (paper III.) and
pigs (paper IV.). The intrachromosomal shuffling is much higher in males than in females in
Atlantic salmon, which is caused by the marked difference in distribution of crossovers. In
pigs, it is less evident from looking at the crossover distribution that intrachromosomal
shuffling is higher in males. The sex difference is much higher in Atlantic salmon than in
pigs, but the results in pig demonstrate that genetic shuffling is not necessarily higher in the
sex with the highest genome wide recombination rate. An interesting observation is that
having terminal crossovers is a more effective way of reducing shuffling than reducing the

overall rate.

It is unclear what the consequences are of the sex difference in genetic shuffling in a breeding
population. Every generation, each offspring inherits one maternal gamete and one paternal
gamete. New gametes are produced in this individual where rates and distribution of
crossovers is affected by the sex of the focal individual and not which sex the chromatid was
inherited from in the previous generation. This may suggest that the population level

shuffling of alleles should be equally affected by male and female recombination patterns.
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However, variation in genetic shuffling within sex may have a higher impact on the

population level shuffling if one of the sexes is under strong selection.

5.5 Suggestions for future studies

In this study, most of the phenotypic variation in recombination rates is explained by the error
variance. Future studies should analyze a broader sample of gametes, for example from

sperm and egg cells, to try to further understand the genetic control of recombination rates.

Further studies in the datasets already at hand should aim to define a crossover position trait
to study the genetic basis of the variation in recombination landscapes. In this study we find
that the variation in individual measures of genetic shuffling has a heritable component which

may reflect genetic variation in crossover positioning.

Another point of interest would be to look at how directional selection may affect
recombination rates and distribution as well as direction and magnitude of heterochiasmy in

real or simulated data.
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6. Conclusions

In this study, we provide first estimates of heritability of individual crossover rates and
distribution in Atlantic salmon. In agreement with previous studies in pigs and cattle,
recombination rates are also heritable in the Norwegian red cattle breed and five pig breeds:
Norwegian landrace, Norwegian Duroc, Dutch Large White, Piétrain and a synthetic mixed
breed. In pigs and cattle, we detect association with genes that have been identified to affect
recombination rates in other breeds as well as in other species, suggesting some conserved
genetic control of this trait across species. However, we also detect two novel associations in
pig and fail to detect associations with some loci detected in other cattle breeds. Only two out
of five genes affect the trait in all pig breeds, and there is a difference in overall rate between
the breeds consistent across chromosomes, suggesting that there is some variation in genetic
architecture of recombination rates between closely related breeds and that overall rates can
also evolve relatively rapidly. Most of the phenotypic variation in rates of recombination
observed remains to be explained. In Atlantic salmon, regions without recombination in
males coincide with regions of high sequence similarity between homeologs known to act
differently in male and female meiosis in salmonids, suggesting that differences in the
meiotic process between sex can play an important role in the marked sexual dimorphism in
genome-wide rates and distribution of recombination observed in many species. The sex
specific patterns of recombination lead to marked differences in the amount of
intrachromosomal shuffling of alleles in maternal and paternal gametes, however it is not
clear how this affects the overall genetic shuffling in a breeding population across
generations. Overall, the findings in this study contribute to the understanding of the genetic
mechanisms underlying recombination rate variation and how this affects genetic shuffling in

a breeding population as well as in natural populations.
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Figure S1. Scatterplot with EBV for fertility on the Y axis and crossover count on the x-
axis for all female pigs.
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Figure S2. Distribution of total genetic shuffling in maternal gametes in red and
paternal gametes in blue. Total genetic shuffling is the intrachromosomal and
interchromosomal shuffling combined.
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