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ABSTRACT 25 

Meiotic recombination breaks down linkage disequilibrium and forms new haplotypes, 26 

meaning that it is an important driver of diversity in eukaryotic genomes. Understanding the 27 

causes of variation in recombination rate is important in interpreting and predicting 28 

evolutionary phenomena and for understanding the potential of a population to respond to 29 

selection. However, despite attention in model systems, there remains little data on how 30 

recombination rate varies at the individual level in natural populations. Here, we used 31 

extensive pedigree and high-density SNP information in a wild population of Soay sheep (Ovis 32 

aries) to investigate the genetic architecture of individual autosomal recombination rate. 33 

Individual rates were high relative to other mammal systems, and were higher in males than 34 

in females (autosomal map lengths of 3748 cM and 2860 cM, respectively). The heritability of 35 

autosomal recombination rate was low but significant in both sexes (h2 = 0.16 & 0.12 in 36 

females and males, respectively). In females, 46.7% of the heritable variation was explained 37 

by a sub-telomeric region on chromosome 6; a genome-wide association study showed the 38 

strongest associations at the locus RNF212, with further associations observed at a nearby 39 

~374kb region of complete linkage disequilibrium containing three additional candidate loci, 40 

CPLX1, GAK and PCGF3. A second region on chromosome 7 containing REC8 and RNF212B 41 

explained 26.2% of the heritable variation in recombination rate in both sexes. Comparative 42 

analyses with 40 other sheep breeds showed that haplotypes associated with recombination 43 

rates are both old and globally distributed. Both regions have been implicated in rate variation 44 

in mice, cattle and humans, suggesting a common genetic architecture of recombination rate 45 

variation in mammals.  46 

  47 
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AUTHOR SUMMARY 48 

Recombination offers an escape from genetic linkage by forming new combinations of alleles, 49 

increasing the potential for populations to respond to selection. Understanding the causes 50 

and consequences of individual recombination rates are important in studies of evolution and 51 

genetic improvement, yet little is known on how rates vary in natural systems. Using data 52 

from a wild population of Soay sheep, we show that individual recombination rate is heritable 53 

and differs between the sexes, with the majority of genetic variation in females explained by 54 

a genomic region containing the genes RNF212 and CPLX1.  55 

 56 

INTRODUCTION 57 

Recombination is a fundamental feature of sexual reproduction in nearly all multi-cellular 58 

organisms, and is an important driver of diversity because it rearranges existing allelic 59 

variation to create novel haplotypes. It can prevent the accumulation of deleterious 60 

mutations by uncoupling them from linked beneficial alleles (Muller 1964; Crow and Kimura 61 

1965), and can lead to an increase in genetic variance for fitness, allowing populations to 62 

respond to selection at a faster rate (McPhee and Robertson 1970; Felsenstein 1974; 63 

Charlesworth and Barton 1996; Burt 2000): this is particularly true for small populations under 64 

strong selection, where beneficial and deleterious alleles are more likely to be linked (Hill-65 

Robertson Interference), and their relative selective costs and benefits are likely to be 66 

stronger (Hill and Robertson 1966; Otto and Barton 2001). However, recombination may be 67 

associated with fitness costs; higher rates of crossing-over may increase deleterious 68 

mutations and chromosomal rearrangements (Inoue and Lupski 2002), or lead to the break-69 

up of favorable combinations of alleles previously built up by selection, reducing the mean 70 
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fitness of subsequent generations (Charlesworth and Barton 1996). Therefore, the relative 71 

costs and benefits of recombination are likely to vary within different contexts, leading to an 72 

expectation of variation in recombination rates within and between populations (Barton 73 

1998; Burt 2000; Otto and Lenormand 2002).  74 

 75 

Recent studies of model mammal systems have shown that recombination rates vary at an 76 

individual level, and that a significant proportion of variance is driven by heritable genetic 77 

effects (Kong et al. 2004; Dumont et al. 2009; Sandor et al. 2012). In cattle, humans and mice, 78 

the heritability of recombination rate is 0.22, 0.08—0.30 and 0.46. respectively, and genome-79 

wide association studies have repeatedly attributed some heritable variation to specific 80 

genetic variants, including RNF212, CPLX1, REC8 and PRDM9, among others (Kong et al. 2008; 81 

Baudat et al. 2010; Sandor et al. 2012; Kong et al. 2014; Ma et al. 2015). The majority of these 82 

loci appear to influence crossover frequency, may have sex-specific or sexually-antagonistic 83 

effects on recombination rate (e.g. RNF212 and CPLX1 in humans and cattle; Kong et al. 2014; 84 

Ma et al. 2015) and may be dosage dependent (e.g. RNF212 in mice; Reynolds et al. 2013). 85 

The locus PRDM9 is associated with the positioning and proportion of crossovers that occur 86 

in mammalian recombination hotspots (i.e. regions of the genome with particularly high 87 

recombination rates; Baudat et al. 2010; Ma et al. 2015), although this locus is not functional 88 

in some mammal species, such as canids (Auton et al. 2013). These studies suggest that 89 

recombination rate has a relatively oligogenic architecture, and therefore has the potential 90 

to respond rapidly to selection over relatively short evolutionary timescales.  91 

 92 

Such studies in model systems have provided key insights into the causes of recombination 93 

rate variation. However, with the exception of humans, studies have been limited to systems 94 

.CC-BY-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted March 3, 2016. ; https://doi.org/10.1101/024869doi: bioRxiv preprint 

https://doi.org/10.1101/024869
http://creativecommons.org/licenses/by-nd/4.0/


6 
 

that are likely to have been subject to strong artificial selection in their recent history, a 95 

process that will favour alleles that increase recombination rate to overcome Hill-Robertson 96 

Interference (Hill and Robertson 1966; Otto and Barton 2001). Some experimental systems 97 

show increased recombination rates after strong selection on unrelated characters (Otto and 98 

Lenormand 2002), and recombination rates are higher in domesticated plants and animals 99 

compared to their progenitors (Burt and Bell 1987; Ross-Ibarra 2004; but see Muñoz-Fuentes 100 

et al. 2015). Therefore, artificial selection may result in different genetic architectures than 101 

exist in natural populations. Studies examining recombination rate in wild populations will 102 

allow dissection of genetic and environmental drivers of recombination rate, to determine if 103 

it is underpinned by similar or different genetic architectures, and ultimately will allow 104 

examination of the association between recombination rate and individual fitness, enabling 105 

understanding how this trait evolves in natural systems. 106 

 107 

Here, we examine the genetic architecture of recombination rate variation in a wild mammal 108 

population. The Soay sheep (Ovis aries) is a Neolithic breed of domestic sheep that has lived 109 

unmanaged on the St Kilda archipelago, Scotland, U.K., since the Bronze age (Clutton-Brock 110 

et al. 2004). In this study, we integrate genomic and pedigree information to characterize 111 

autosomal cross-over positions in more than 3000 gametes in individuals from both sexes. 112 

Our objectives were as follows: 1) to determine the relative importance of common 113 

environment and other individual effects on recombination rates (e.g. age, sex, inbreeding 114 

coefficients);  2) to determine if individual recombination rates were heritable; 3) to identify 115 

specific genetic variants associated with recombination rate variation; and 4) to determine if 116 

the genetic architecture of recombination rate variation is similar to that observed in other 117 

mammal species. 118 
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 119 

MATERIALS AND METHODS 120 

Study population and pedigree. 121 

Soay sheep living within the Village Bay area of the island of Hirta (57º49’N, 8º34’W) have 122 

been studied on an individual basis since 1985 (Clutton-Brock et al. 2004). All sheep are ear-123 

tagged at first capture (including 95% of lambs born within the study area) and DNA samples 124 

for genetic analysis are routinely obtained from ear punches and/or blood sampling. All 125 

animal work was carried out according to UK Home Office procedures and was licensed under 126 

the UK Animals (Scientific Procedures) Act 1986 (License no. PPL60/4211). A Soay sheep 127 

pedigree has been constructed using 315 SNPs in low LD, and includes 5516 individuals with 128 

4531 maternal and 4158 paternal links (Bérénos et al. 2014).  129 

 130 

SNP Dataset. 131 

A total of 5805 Soay sheep were genotyped at 51,135 single nucleotide polymorphisms (SNPs) 132 

on the Ovine SNP50 BeadChip using an Illumina Bead Array genotyping platform (Illumina Inc., 133 

San Diego, CA, USA; Kijas et al. 2009). Quality control on SNP data was carried out using the 134 

check.marker function in GenABEL v1.8-0 (Aulchenko et al. 2007) implemented in R v3.1.1, 135 

with the following thresholds: SNP minor allele frequency (MAF) > 0.01; individual SNP locus 136 

genotyping success > 0.95; individual sheep genotyping success > 0.99; and identity by state 137 

(IBS) with another individual < 0.90. Heterozygous genotypes at non-pseudoautosomal X-138 

linked SNPs within males were scored as missing, accounting for 0.022% of genotypes. The 139 

genomic inbreeding coefficient (measure 𝐹̂𝐼𝐼𝐼 in Yang et al. 2011, hereafter 𝐹̂), was calculated 140 

for each sheep in the software GCTA v1.24.3 (Yang et al. 2011), using information for all SNP 141 

loci passing quality control. 142 

.CC-BY-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted March 3, 2016. ; https://doi.org/10.1101/024869doi: bioRxiv preprint 

https://doi.org/10.1101/024869
http://creativecommons.org/licenses/by-nd/4.0/


8 
 

 143 

Estimation of meiotic autosomal crossover count (ACC). 144 

Sub-pedigree construction. To allow unbiased phasing of the SNP data, a standardized 145 

pedigree approach was used to identify cross-overs that had occurred within the gametes 146 

transferred from a focal individual to its offspring; hereafter, focal individual (FID) refers to 147 

the sheep in which meiosis took place. For each FID-offspring combination in the Soay sheep 148 

pedigree, a sub-pedigree was constructed to include both parents of the FID (Father and 149 

Mother) and the other parent of the offspring (Mate), where all five individuals had been 150 

genotyped (Figure 1). This sub-pedigree structure allowed phasing of SNPs within the FID, and 151 

thus the identification of autosomal cross-over events in the gamete transferred from the FID 152 

to the offspring (Figure 1). Sub-pedigrees were discarded from the analysis if they included 153 

the same individual twice (e.g. father-daughter matings; N = 13).  154 

 155 

Linkage map construction and chromosome phasing. All analyses in this section were 156 

conducted using the software CRI-MAP v2.504a (Green et al. 1990). First, Mendelian 157 

incompatibilities in each sub-pedigree were identified using the prepare function; 158 

incompatible genotypes were removed from all affected individuals, and sub-pedigrees 159 

containing parent-offspring relationships with more than 0.1% mismatching loci were 160 

discarded. Second, sex-specific and sex-averaged linkage map positions (in Kosambi cM) were 161 

obtained using the map function, where SNPs were ordered relative to their estimated 162 

positions on the sheep genome assembly Oar_v3.1 (Genbank assembly ID: 163 

GCA_000298735.1; Jiang et al. 2014). SNP loci with a map distance of greater than 3 cM to 164 

each adjacent marker (10cM for the X chromosome, including PAR) were assumed to be 165 

incorrectly mapped and were removed from the analysis, with the map function rerun until 166 
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all map distances were below this threshold; in total, 76 SNPs were assumed to be incorrectly 167 

mapped (these SNP IDs are included in archived data, see Data Availability). Third, the 168 

chrompic function was used to identify informative SNPs (i.e. those for which the grand-169 

parent of origin of the allele could be determined) on chromosomes transmitted from the FID 170 

to its offspring; crossovers were deemed to have occurred where there was a switch in the 171 

grandparental origin of a SNP allele (Figure 1).  172 

 173 

Quality control and crossover estimation in autosomes. Errors in determining the grand-174 

parental origin of alleles can lead to false calling of double-crossovers (i.e. two adjacent 175 

crossovers occurring on the same chromatid) and in turn, an over-estimation of 176 

recombination rate. To reduce the likelihood of calling false crossover events, runs of 177 

grandparental-origin consisting of a single allele (i.e. resulting in a double crossover either 178 

side of a single SNP) were recoded as missing (N = 973 out of 38592 double crossovers, Figure 179 

S1). In remaining cases of double crossovers, the base pair distances between immediately 180 

adjacent SNPs spanning a double crossover were calculated (hereafter, “span distance”; 181 

Figure S1). Informative SNPs that occurred within double-crossover segments with a log10 182 

span distance lower than 2.5 standard deviations from the mean log10 span distance 183 

(equivalent to 9.7Mb) were also recoded as missing (N = 503 out of 37619 double crossovers, 184 

Figure S1). The autosomal crossover count (ACC), the number of informative SNPs and the 185 

informative length of the genome (i.e. the total distance between the first and last 186 

informative SNPs for all chromosomes) was then calculated for each FID. A simulation study 187 

was conducted to ensure that our approach accurately characterized ACC and reduced 188 

phasing errors. Autosomal meiotic crossovers were simulated given an identical pedigree 189 

structure and population allele frequencies (Nsimulations = 100; see File S1 for detailed methods 190 
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and results). Our approach was highly accurate in identifying the true ACC per simulation 191 

across all individuals and per individual across all simulations (adjusted R2 > 0.99), but 192 

indicated that accuracy was compromised in individuals with high values of 𝐹̂. This is likely to 193 

be an artefact of long runs of homozygosity as a result of inbreeding, which may prevent 194 

detection of double crossovers or crossovers in sub-telomeric regions. To ensure accurate 195 

individual estimates of ACC, gametes with a correlation of adjusted R2 ≤ 0.95 between 196 

simulated and detected crossovers in the simulation analysis were removed from the study 197 

(N = 8; File S1). 198 

 199 

Assessing variation in the recombination landscape. 200 

Broad Scale Recombination Rate. Relationships between chromosome length and linkage 201 

map length, and male and female linkage map length were analyzed using linear regressions 202 

in R v3.1.1. The relationship between chromosome length and chromosomal recombination 203 

rate (defined as cM length/Mb length) was modelled using a multiplicative inverse (1/x) 204 

regression in R v3.1.1. 205 

 206 

Fine Scale Recombination Rate. The probability of crossing-over was calculated in 1Mb 207 

windows across the genome using information from the male and female linkage maps, with 208 

each bin containing a mean of 15.6 SNPs (SD = 4.04). Briefly, the probability of crossing over 209 

within a bin was the sum of all recombination fractions, r, in that bin; in cases where an r 210 

value spanned a bin boundary, it was recalculated as r × Nboundary/NadjSNP, where Nboundary was 211 

the number of bases to the bin boundary, and NadjSNP was the number of bases to the closest 212 

SNP within the adjacent bin. 213 

 214 
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Variation in crossover probability relative to proximity to telomeric regions on each 215 

chromosome arm was examined using general linear models with a Gaussian error structure. 216 

The response variable was crossover-probability per bin; the fitted covariates were as follows: 217 

distance to the nearest telomere, defined as the best fit of either a linear (x), multiplicative 218 

inverse (1/x), quadratic (x2 + x), cubic (x3 + x2 + x) or a log term (log10 x); sex, fitted as a main 219 

effect and as an interaction term with distance to the nearest telomere; number of SNPs 220 

within the bin; and GC content of the bin (%, obtained using sequence from Oar_v3.1, Jiang 221 

et al. 2014). The best model was identified using Akaike's Information Criterion (Akaike 1974). 222 

An additional model was tested, using ratio of male to female crossover probability as the 223 

response variable, with the same fixed effect structure (omitting sex). In both models, the 224 

distance to the nearest telomere was limited to 60Mb, equivalent to half the length of the 225 

largest acrocentric chromosome (Chr 4). Initial models also included a term indicating if a 226 

centromere was present or absent on the 60Mb region, but this term was not significant in 227 

either model.  228 

 229 

Factors affecting autosomal recombination rate, including heritability and cross-sex genetic 230 

correlations. 231 

ACC was modelled as a trait of the FID. Phenotypic variance in ACC was partitioned using a 232 

restricted maximum likelihood (REML) Animal Model (Henderson 1975) implemented in 233 

ASReml-R (Butler et al. 2009) in R v3.1.1. To determine the proportion of phenotypic variance 234 

attributed to additive genetic effects (i.e. narrow-sense heritability, h2, hereafter heritability), 235 

a genomic relatedness matrix at all autosomal markers was constructed for all genotyped 236 

individuals using GCTA v1.24.3 (Yang et al. 2011).  The matrix was adjusted using the 237 

argument --grm-adj 0, which assumes that frequency spectra of genotyped and causal loci 238 

.CC-BY-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted March 3, 2016. ; https://doi.org/10.1101/024869doi: bioRxiv preprint 

https://doi.org/10.1101/024869
http://creativecommons.org/licenses/by-nd/4.0/


12 
 

are similar; matrices with and without adjustment were highly correlated (R2 > 0.997) and 239 

variance components estimated from models with and without adjustment were highly 240 

similar, suggesting that adjusting for sampling error in this way did not introduce bias. 241 

Matrices were not pruned to remove related individuals (i.e. the --grm-cutoff option was not 242 

used) as there is substantial relatedness within this population, and models included common 243 

environment and parental effects, controlling for some consequences shared environment 244 

amongst relatives (see below). Trait variance was analyzed first with the following univariate 245 

model: 246 

 247 

𝑦 = 𝑋𝛽 + 𝑍1𝑎 + 𝑍𝑟𝑢𝑟 + 𝑒 248 

 249 

where y is a vector of the ACC per transferred gamete; X is an incidence matrix relating 250 

individual measures to a vector of fixed effects, beta; Z1 and Zr are incidence matrices relating 251 

individual measures with additive genetic effects and random effects, respectively; a and ur 252 

are vectors of additive genetic effects from the genomic relatedness matrix and additional 253 

random effects, respectively; and e is a vector of residual effects. The heritability (h2) was 254 

calculated as the ratio of the additive genetic variance to the sum of the variance estimated 255 

for all random effects. Model structures were initially tested with a number of fixed effects, 256 

including sex, 𝐹̂ and FID age at the time of meiosis; random effects tested included: individual 257 

identity to account for repeated measures within the same FID (sometimes referred to as the 258 

permanent environment effect); maternal and paternal identity; and common environment 259 

effects of FID birth year and offspring birth year. Significance of fixed effects was determined 260 

using a Wald test, whereas significance of random effects was calculated using likelihood ratio 261 

tests (LRT) between models with and without the focal random effect. Only sex and additive 262 
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genetic effects were significant in any model; however, 𝐹̂  and individual identity were 263 

retained in all models to account for potential underestimation of ACC and the effects of 264 

pseudoreplication, respectively. 265 

 266 

To investigate if the additive genetic variation underlying male and female ACC was associated 267 

with sex-specific variation in ACC, bivariate models were run. The additive genetic correlation 268 

rA was determined using the CORGH error structure function in ASReml-R, (correlation with 269 

heterogeneous variances) with rA set to be unconstrained; models fitted sex-specific 270 

inbreeding coefficients and individual identity effects. To test whether the genetic correlation 271 

was significantly different from 0 and 1, the unconstrained model was compared to models 272 

with rA fixed at a value of 0 or 0.999. Differences in additive genetic variance in males and 273 

females were tested by constraining both to be equal values using the CORGV error structure 274 

function in ASReml-R. Models were then compared using likelihood ratio tests with 1 degree 275 

of freedom. 276 

 277 

Genetic architecture of autosomal crossover count.  278 

Genome-wide association study of variants controlling ACC. Genome-wide association 279 

studies (GWAS) of autosomal recombination rates under different scenarios were conducted 280 

using ASReml-R (Butler et al. 2009) in R v3.1.1, fitting individual animal models for each SNP 281 

locus using the same model structure as above. SNP genotypes were fitted as a fixed effect 282 

with two or three levels. The GRM was replaced with a relatedness matrix based on pedigree 283 

information to speed up computation; the pedigree and genomic relatedness matrices have 284 

been shown to be highly correlated (Bérénos et al. 2014). Sex-specific models were also run. 285 

Association statistics were corrected for any population stratification not captured by the 286 
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animal model by dividing them by the genomic control parameter, λ (Devlin et al. 1999), when 287 

λ > 1, which was calculated as the median Wald test 𝜒2
2 divided by the median 𝜒2

2, expected 288 

from a null distribution. The significance threshold after multiple testing was determined 289 

using a linkage disequilibrium-based method (outlined in Moskvina and Schmidt 2008) using 290 

a sliding window of 50 SNPs; the effective number of tests in the GWAS analysis was 22273.61, 291 

meaning the significance threshold for P after multiple testing at α = 0.05 was 2.245 × 10-6. 292 

Although sex chromosome recombination rate was not included in the analysis, all GWAS 293 

included the X chromosome and SNP markers of unknown position (N=314). The proportion 294 

of phenotypic variance attributed to a given SNP was calculated using the following equation 295 

(Falconer and Mackay 1996): 296 

 297 

𝑉𝑆𝑁𝑃 = 2𝑝𝑞[𝑎 + 𝑑(𝑞 − 𝑝)]2 298 

 299 

where p and q are the frequencies of alleles A and B at the SNP locus, a is half the difference 300 

in the effect sizes estimated for the genotypes AA and BB, and d is the difference between a 301 

and the effect size estimated for genotype AB when fitted as a fixed effect in an animal model. 302 

The proportion of heritable variation attributed to the SNP was calculated as the ratio of VSNP 303 

to the sum of VSNP and the additive genetic variance estimated from a model excluding the 304 

SNP as a fixed effect. Standard errors of VSNP were estimated using a delta method approach. 305 

Gene annotations in significant regions were obtained from Ensembl (gene build ID: 306 

Oar_v3.1.79; Cunningham et al. 2014). The position of a strong candidate locus, RNF212 is 307 

not annotated on Oar_v3.1, but sequence alignment indicated that it is positioned at the sub-308 

telomere of chromosome 6 (see File S2). 309 

 310 
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Genome partitioning of genetic variance (regional heritability analysis).  311 

Although a powerful tool to detect regions of the genome underlying heritable traits, the 312 

single locus approach of GWAS has reduced power to detect rare variants and variants with 313 

small effect sizes (Yang et al. 2011; Nagamine et al. 2012). One solution to this is to use a 314 

regional heritability approach that incorporates the effects of multiple haplotypes and 315 

determines the proportion of phenotypic variance explained by defined regions of the 316 

genome. The contribution of specific genomic regions to trait variation was determined by 317 

partitioning the additive genetic variance across all autosomes as follows (Nagamine et al. 318 

2012): 319 

 320 

𝑦 = 𝑋𝛽 + 𝑍1𝑣𝑖 + 𝑍2𝑛𝑣𝑖 + 𝑍𝑟𝑢𝑟 + 𝑒 321 

 322 

where v is the vector of additive genetic effects explained by an autosomal genomic region i, 323 

and nv is the vector of the additive genetic effects explained by all remaining autosomal 324 

markers outwith region i. Regional heritabilities were determined by constructing genomic 325 

relatedness matrices (GRMs) for regions of i of increasing resolution (whole chromosome 326 

partitioning, sliding windows of 150, 50 and 20 SNPs, corresponding to regions of 9.41 ± 1.42, 327 

3.12 ± 0.60 and 1.21Mb mean ± 0.32 SD length, respectively) and fitting them in models with 328 

an additional GRM of all autosomal markers not present in region i; sliding windows 329 

overlapped by half of their length (i.e. 75, 25 and 10 SNPs, respectively). GRMs were 330 

constructed in the software GCTA v1.24.3 and were adjusted using the –grm-adj 0 argument 331 

(see above; Yang et al. 2011). Adjusted and unadjusted matrices were highly correlated, but 332 

unadjusted matrices had higher incidences of negative pivots at the regional level. In cases 333 

where both models with adjusted and unadjusted matrices were used, there was little 334 
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variation in estimated variance components, again suggesting that estimates were unbiased. 335 

The significance of additive genetic variance attributed to a genomic region i was tested by 336 

comparing models with and without the Z1vi term using a likelihood ratio test; in cases where 337 

the heritability estimate was zero (i.e. estimated as "Boundary" by ASReml), significant model 338 

comparison tests were disregarded. A Bonferroni approach was used to account for multiple 339 

testing across the genome, by taking the number of tests and dividing by two to account for 340 

the overlap of the sliding windows (since each genomic region was modelled twice). 341 

 342 

Accounting for cis- and trans- genetic variants associated with recombination rate. In the 343 

above analyses, we wished to separate potential associations with ACC due to cis-effects (i.e. 344 

genetic variants that are in linkage disequilibrium with polymorphic recombination hotspots) 345 

from those due to trans-effects (i.e. genetic variants in LD with genetic variants that affect 346 

recombination rate globally). By using the total ACC within a gamete, we incorporated both 347 

cis- and trans- effects into a single measure. To examine trans-effects only, we determined 348 

associations between each SNP and ACC minus crossovers that had occurred on the 349 

chromosome on which the SNP occurred e.g. for a SNP on chromosome 1, association was 350 

examined with ACC summed across chromosomes 2 to 26. We found that in this case, 351 

examining trans-variation (ACC minus focal chromosome) obtained similar results to cis- and 352 

trans-variation (ACC) for both regional heritability and genome-wide association analyses, 353 

leading to the same biological conclusions.  354 

 355 

Linkage disequilibrium and imputation of genotypes in significant regions. A reference 356 

population of 189 sheep was selected and genotyped at 606,066 SNP loci on the Ovine 357 

Infinium® HD SNP BeadChip for imputation of genotypes into individuals typed on the 50K 358 
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chip. Briefly, the reference population was selected iteratively to maximize ∑ 𝑝𝑖
𝑚
𝑖=1  using the 359 

equation 𝑝𝑚 = 𝐴𝑚
−1𝑐𝑚  , where p is a vector of the proportion of genetic variation in the 360 

population captured by m selected animals, Am is the corresponding subset of a pedigree 361 

relationship matrix and c is a vector of the mean relationship of the m selected animals (as 362 

outlined in Pausch et al. 2013 & Goddard and Hayes 2009). This approach should capture the 363 

maximum amount of genetic variation within the main population for the number of 364 

individuals in the reference population. SNP loci were retained if call rate was > 0.95 and MAF 365 

> 0.01 and individuals were retained if more than 95% of loci were genotyped. Linkage 366 

disequilibrium (LD) between loci was calculated using Spearman-Rank correlations (r2) in the 367 

188 individuals passing quality control.  368 

 369 

Genotypes from the HD SNP chip were imputed to individuals typed on the SNP50 chip in the 370 

chromosome 6 region significantly associated with ACC, using pedigree information in the 371 

software MaCH v1.0.16 (Li et al. 2010). This region contained 10 SNPs from the Ovine SNP50 372 

BeadChip and 116 additional independent SNPs on the HD SNP chip. As the software requires 373 

both parents to be known for each individual, cases where only one parent was known were 374 

scored as both parents missing. Genotypes were accepted when the dosage probability was 375 

between 0 and 0.25, 0.75 and 1.25, or 1.75 and 2 (for alternate homozygote, heterozygote 376 

and homozygote, respectively). The accuracy of genotyping at each locus was tested using 10-377 

fold cross-validation within the reference population: genotypes were imputed for 10% of 378 

individuals randomly sampled from the reference population, using genotype data for the 379 

remaining 90%; this cross-validation was repeated 1000 times, to compare imputed 380 

genotypes with true genotypes. Cross-validation showed a relationship between number of 381 

missing genotypes and number of mismatching genotypes within individuals; therefore, 382 
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individuals with < 0.99 imputed genotypes scored were removed from the analysis. Loci with 383 

< 0.95 of individuals typed were also discarded. Imputation accuracy was calculated for all loci 384 

as the proportion of imputed genotypes matching their true genotypes; all remaining loci had 385 

imputation accuracies > 0.95. 386 

 387 

Haplotype sharing of associated regions with domesticated breeds. 388 

A recent study has shown that Soay sheep are likely to have experienced an introgression 389 

event with a more modern breed (the Old Scottish Shortwool, or Dunface breed, now extinct) 390 

approximately 150 years ago (Feulner et al. 2013). Therefore, we wished to determine if 391 

alleles at the most highly associated imputed SNP, oar3_OAR6_116402578 (see Results), had 392 

recently introgressed into the population by examining haplotype sharing (HS) between Soay 393 

sheep and Boreray sheep, a cross between Dunface and Scottish Blackface sheep. We used 394 

data from the OvineSNP50 BeadChip data for Soays and a further 2709 individuals from 73 395 

different sheep breeds (provided by the International Sheep Genomics Consortium, ISGC; see 396 

Kijas et al. 2012, Feulner et al. 2013 and Table S1). In both the Soay and non-Soay datasets of 397 

the Ovine SNP50 BeadChip, we extracted 58 SNPs corresponding to ~4Mb of the sub-398 

telomeric region on chromosome 6 and phased them using Beagle v4.0 (Browning and 399 

Browning 2007). We identified core haplotypes of 6 SNP loci that tagged different alleles at 400 

oar3_OAR6_116402578. The length of HS between the core Soay haplotypes and non-Soay 401 

breeds was then calculated as follows: for each core haplotype i and each sheep breed j, any 402 

haplotypes containing i were extracted, and the distance from i to the first mismatching SNP 403 

downstream i was recorded. This was repeated for all pairwise comparisons of Soay and non-404 

Soay haplotypes to determine a mean and standard deviation of HS between i and breed j. 405 

 406 
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Data availability statement. 407 

The supplementary information contains information on additional analyses conducted and 408 

is referenced within the text. Table S1 contains the sex-averaged and sex-specific linkage map 409 

positions and genomic positions of SNP loci. Tables S3, S4 and S5 contain full detailed results 410 

and effect sizes of the regional heritability, genome-wide association and imputed association 411 

studies, respectively. The [Dryad] repository contains genomic data before and after quality 412 

control measures, pedigree information and sub-pedigree structures, autosomal genomic 413 

relatedness matrices, population-wide crossover probabilities and individual recombination 414 

rate results. All scripts for analysis are provided on a GitHub repository at 415 

https://github.com/susjoh/GENETICS_2015_185553. 416 

 417 

RESULTS 418 

Broad-scale variation in recombination landscape. 419 

We used information from 3330 sub-pedigrees and data from 39104 genome-wide SNPs 420 

typed on the Ovine SNP50 BeadChip (Kijas et al. 2009) to identify 98420 meiotic crossovers in 421 

gametes transferred from 813 unique focal individuals to 3330 offspring; this included 2134 422 

offspring from 586 unique females and 1196 offspring from 227 unique males. A linkage map 423 

of all 26 autosomes had a sex-averaged length of 3304 centiMorgans (cM), and sex-specific 424 

lengths of 3748 cM and 2860 cM in males and females, respectively, indicating strong male-425 

biased recombination rates in this population (Male:Female linkage map lengths = 1.31; 426 

Figure S2, Table S2). There was a linear relationship between the length of autosomes in 427 

megabases (Mb) and linkage map lengths (cM; Adjusted R2 = 0.991, P < 0.001; Figure 2A). 428 

Chromosome-wide recombination rates (cM/Mb) were higher in smaller autosomes (fitted as 429 
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multiplicative inverse function, adjusted R2 = 0.616, P < 0.001, Figure 2B), indicative of obligate 430 

crossing over. The degree of sex-differences in recombination rate based on autosome length 431 

in cM (i.e. differences in male and female recombination rate) was consistent across all 432 

autosomes (Adjusted R2 = 0.980, P < 0.001, Figure 2C). 433 

 434 

Fine-scale variation in recombination landscape. 435 

Finer-scale probabilities of crossing-over were calculated for 1Mb windows across the 436 

genome for each sex, using recombination fractions from their respective linkage maps. 437 

Crossover probability varied relative to proximity to telomeric regions, with a significant 438 

interaction between sex and distance to the nearest telomere fitted as a cubic polynomial 439 

function (Figure 3A). Males had significantly higher probabilities of crossing-over than females 440 

between distances of 0Mb to 18.11Mb from the nearest telomere (Figure 3B, Table S3). 441 

Increased crossover probabilities were associated with higher GC content (General linear 442 

model, P < 0.001; Table S3). Investigation of the relative distances between crossovers (in 443 

cases where two or more crossovers were observed on a single chromatid) indicated that 444 

there may be crossover interference within this population, with a median distance between 445 

double crossovers of 48Mb (Figure S1).  446 

 447 

Variation in individual recombination rate. 448 

Individual autosomal crossover count (ACC) was heritable (h2
 = 0.145, SE = 0.027), with the 449 

remainder of the phenotypic variance being explained by the residual error term (Table 1). 450 

ACC was significantly higher in males than in females, with 7.376 (SE = 0.263) more crossovers 451 

observed per gamete (Animal Model, Z = 28.02, PWald < 0.001). However, females had 452 

marginally higher additive genetic variance (PLRT = 0.040) and higher residual variance (PLRT = 453 
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1.11 × 10-3) in ACC than males (Table 1). There was no relationship between ACC and FID age, 454 

offspring sex, and the genomic inbreeding coefficient of the FID or offspring; furthermore, 455 

there was no variance in ACC explained by common environmental effects such as FID birth 456 

year, year of gamete transmission, or maternal/paternal identities of the FID (Animal Models, 457 

P > 0.05). A bivariate model of male and female ACC showed that the cross-sex additive 458 

genetic correlation (rA) was 0.826 (SE = 0.260); this correlation was significantly different from 459 

0 (PLRT = 1.14 × 10-3) but not different from 1 (PLRT = 0.551). 460 

 461 

Genetic architecture of recombination rate. 462 

Genome-wide association study (GWAS). The most significant association between SNP 463 

genotype and ACC in both sexes was at s74824.1 in the sub-telomeric region of chromosome 464 

6 (P = 2.92 × 10-10, Table 2). Sex-specific GWAS indicated that this SNP was highly associated 465 

with female ACC (P = 1.07 × 10-11), but was not associated with male ACC (P = 0.55; Table 2, 466 

Figure 4); the SNP had an additive effect on female ACC, with a difference of 3.37 (S.E. = 0.49) 467 

autosomal crossovers per gamete between homozygotes (Table 2). This SNP was the most 468 

distal typed on the chromosome from the Ovine SNP50 BeadChip at ~116.7Mb (Figure 4, 469 

Table 2), and corresponded to a genomic region containing ring finger protein 212 (RNF212) 470 

and complexin 1 (CPLX1), two loci that have previously been implicated in recombination rate 471 

variation in humans, cattle and mice (Kong et al. 2008, 2014; Sandor et al. 2012; Reynolds et 472 

al. 2013; Ma et al. 2015). A further SNP on an unmapped genomic scaffold (1.8kb, NCBI 473 

Accession: AMGL01122442.1) was also highly associated with female ACC (Figure 4). BLAST 474 

analysis indicated that the most likely genomic position of this SNP was at ~113.8Mb on 475 

chromosome 6, corresponding to the same sub-telomeric region. 476 

 477 
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Two further regions on chromosome 3 were associated with ACC using the GWAS approach. 478 

A single SNP, OAR3_51273010.1, was associated with ACC in males, but not in females, and 479 

had an approximately dominant effect on ACC (P = 1.15× 10-6, Figure 4, Table 2); This SNP was 480 

17.8kb from the 3' UTR of leucine rich repeat transmembrane neuronal 4 (LRRTM4) in an 481 

otherwise gene poor region of the genome (i.e. the next protein coding regions are > 1Mb 482 

from this SNP in either direction). A second SNP on chromosome 3, OAR3_87207249.1, was 483 

associated with ACC in both sexes (P = 1.95× 10-6, Figure 4, Table 2). This SNP was 137kb from 484 

the 5’ end of an orthologue of WD repeat domain 61 (WDR61) and 371kb from the 5’ end of 485 

an orthologue of ribosomal protein L10 (RPL10). Full results of GWAS are provided in Table 486 

S4.  487 

 488 

Partitioning variance by genomic region. The contribution of specific genomic regions to ACC 489 

was determined by partitioning the additive genetic variance in sliding windows (Regional 490 

heritability analysis, Table S5). There was a strong sex-specific association of ACC in females 491 

within a sub-telomeric region on chromosome 6 (20 SNP sliding window; Figure 5B). This 492 

corresponded to a 1.46 Mb segment containing ~37 protein coding regions, including RNF212 493 

and CPLX1. The region explained 8.02% of the phenotypic variance (SE = 3.55%) and 46.7% of 494 

the additive genetic variance in females (PLRT = 9.78 × 10-14), but did not contribute to 495 

phenotypic variation in males (0.312% of phenotypic variance, SE = 1.2%, PLRT = 0.82; Figure 496 

5C, Table S5). There was an additional significant association between ACC in both sexes and 497 

a region on chromosome 7, corresponding to a 1.09Mb segment containing ~50 protein 498 

coding regions, including RNF212B (a paralogue of RNF212) and meiotic recombination 499 

protein locus REC8 (PLRT = 3.31 × 10-6, Figure 5A, Table S5); this region had not shown any 500 

significant associations using the GWAS approach alone. The region explained 4.12% of 501 
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phenotypic variance (SE = 2.3%) and 26.2% of the additive genetic variance in both sexes 502 

combined; however, in sex-specific models, the significant association with ACC did not 503 

remain after correction for multiple testing (Table S5). No association was observed in the 504 

regional heritability analysis with the two regions on chromosome 3 identified using the 505 

GWAS approach. Full results for the regional heritability analysis are provided in Table S5. 506 

 507 

Accounting for cis- and trans- genetic variants associated with recombination rate. The 508 

results presented above were ACC incorporated both cis- and trans-effects on recombination 509 

rate. When repeated with trans-effects only, all variants associated with ACC in both the 510 

GWAS and regional heritability analyses remained significant (see Materials and Methods, 511 

Tables S4 & S5), meaning that they are likely to affect recombination rate globally (i.e. trans-512 

acting effects), rather than being in LD with polymorphic recombination hotspots.  513 

 514 

 Genotype imputation and association analysis at the sub-telomeric region of chromosome 515 

6. Genotyping of 187 sheep at a further 122 loci in the sub-telomeric region of chromosome 516 

6 showed that this region has elevated levels of linkage disequilibrium, with the two most 517 

significant SNPs from the 50K chip tagging a haplotype block of ~374kB (r2 > 0.8; see File S3, 518 

Figure 6, Table S6). This block contained three candidate genes, complexin 1 (CPLX1), cyclin-519 

G-associated kinase (GAK) and polycomb group ring finger 3 (PCGF3) and was 177kb away 520 

from the candidate locus RNF212 (Kong et al. 2014). SNP genotypes were imputed for all 521 

individuals typed on the 50K chip at these 122 loci, and the association analysis was repeated. 522 

The most highly associated SNP (oar3_OAR6_116402578, P = 1.83 × 10-19; Table 2, Figure 6) 523 

occurred within an intronic region of an uncharacterized protein orthologous to 524 

transmembrane emp24 protein transport domain containing (TMED11), 25.2kb from the 525 
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putative location of RNF212 and 13kb from the 3' end of spondin 2 (SPON2). A bivariate 526 

animal model including an interaction term between ACC in each sex and the genotype at 527 

oar3_OAR6_116402578 confirmed that this locus had an effect on female ACC only; this effect 528 

was additive, with a difference of 4.91 (S.E. = 0.203) autosomal crossovers per gamete 529 

between homozygotes (Figure 7, Tables 2 and S6). There was no difference in ACC between 530 

the three male genotypes. Full results for univariate models at imputed SNPs are given in 531 

Table S6. 532 

 533 

Haplotype sharing of associated regions with domesticated breeds. 534 

Seven core haplotypes of six SNPs in length tagged different alleles at oar3_OAR6_116402578 535 

at the sub-telomeric region of chromosome 6. Two were perfectly associated with the A allele 536 

at oar3_OAR6_116402578 (conferring reduced ACC) and five were perfectly associated with 537 

the G allele (conferring increased ACC; Table S8). The extent of HS between Soays and non-538 

Soays was low, and there was no evidence of long-range HS between Soays and Boreray in 539 

comparison to other domesticated breeds (Figure S3). This test is not definitive due to the 540 

relatively small sample size of the Boreray sample (N = 20), meaning that it is possible that 541 

either allele occurs in Boreray sheep but has not been sampled. Nevertheless, low levels of 542 

haplotype sharing with other breeds throughout the sample suggest that allele at 543 

oar3_OAR6_116402578 have not been recently introduced to the Soay sheep population. For 544 

example, HS of core haplotypes with Boreray sheep for coat colour, coat pattern (Feulner et 545 

al. 2013) and normal horn development (Johnston et al. 2013) extended to longer distances, 546 

of up to 5.7, 6.4 and 2.86Mb respectively. In contrast, the maximum HS observed here was 547 

0.38Mb. A shorter haplotype may be expected, as the core haplotype occurs at the end of the 548 

chromosome, and so haplotype sharing is only calculated downstream of the core haplotype; 549 
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however, this value is much lower than half that of previously identified introgressed 550 

haplotypes (Feulner et al. 2013). The three most common haplotypes, H2, H3 and H6 (for 551 

high, high and low ACC, respectively) are found in many other sheep breeds across the world 552 

(Figure S3), suggesting that both high and low ACC haplotypes are ancient across sheep 553 

breeds.  554 

 555 

DISCUSSION 556 

In this study, we have shown that autosomal crossover count (ACC) is heritable in Soay sheep 557 

and that variation in female ACC is strongly influenced by a genomic region containing RNF212 558 

and CPLX1, loci that have previously been implicated in recombination rate variation in other 559 

species. The narrow sense heritability (h2) was 0.15 across both sexes, and was lower than 560 

estimates in some mammal species (h2 = 0.22 and 0.46 in cattle and mice, respectively; 561 

Dumont et al. 2009; Sandor et al. 2012) and similar to recent estimates in humans (0.13 and 562 

0.08 in females and males, respectively; Kong et al. 2014). ACC was 1.3 times higher in males, 563 

but females had a higher proportion of heritable variation than males (h2 = 0.16, compared to 564 

h2 = 0.12). Here, we discuss the genetic architecture of the trait in more detail, the observation 565 

of sexual dimorphism and male-biased recombination rates, and how our findings inform the 566 

broader topic of understanding the genetic architecture of recombination rates in mammals. 567 

 568 

Genetic variants associated with individual recombination rate. 569 

The majority of variants associated with ACC in this study have previously been implicated in 570 

recombination rate variation in other mammal species, suggesting a shared genetic 571 

architecture across taxa. The strongest association was observed at the locus RNF212, 572 
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occurring 88.4kB from a ~374kb block of high LD (r2 > 0.8) containing three further candidate 573 

loci, CPLX1, GAK and PCGF3 (Figure 6). Both RNF212 and CPLX1 have been associated with 574 

recombination rate variation in mammals (Kong et al. 2008; Sandor et al. 2012; Reynolds et 575 

al. 2013; Ma et al. 2015) and mouse studies have established that the protein RNF212 is 576 

essential for the formation of crossover-specific complexes during meiosis, and that its effect 577 

is dosage-sensitive (Reynolds et al. 2013). We observed an additive effect of the RNF212 578 

region on female recombination rate (Figure 7), suggesting that dosage dependence could be 579 

a plausible mechanism driving rate differences in Soay sheep. GAK forms part of a complex 580 

with cyclin-G, a locus involved in meiotic recombination repair in Drosophila (Nagel et al. 581 

2012), and PCGF3 forms part of a PRC1-like complex (polycomb repressive complex 1) which 582 

is involved in meiotic gene expression and the timing of meiotic prophase in female mice 583 

(Yokobayashi et al. 2013). High LD within this region meant that it was not possible to test the 584 

effects of these loci on recombination rate independently; however, the co-segregation of 585 

several loci affecting meiotic processes may merit further investigation to determine if 586 

recombination is suppressed in this region, and if this co-segregation is of adaptive 587 

significance. 588 

 589 

Additional genomic regions associated with recombination rate included: two loci at 48.1Mb 590 

and 82.4Mb on chromosome 3 (identified using GWAS) with effects on males only and both 591 

sexes, respectively; and a 1.09Mb region of chromosome 7 affecting rates in both sexes 592 

(identified using regional heritability analysis). Although the chromosome 7 region was large 593 

and specific loci cannot be pinpointed, it contained REC8, the protein of which is required for 594 

the separation of sister chromatids and homologous chromosomes during meiosis (Parisi et 595 

al. 1999); and RNF212B, a paralogue of RNF212. The same region is also associated with 596 
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recombination rate in cattle (Sandor et al. 2012). The chromosome 3 variants identified were 597 

novel to this study, and occurred in relatively gene poor regions of the genome (see above).  598 

 599 

Although there are homologues of PRDM9 on chromosomes 1, 5, 18 and X, it is not currently 600 

known whether any of these copies are functional in sheep. Here, we did not identify any 601 

association between recombination rate and any of these regions using either GWAS or 602 

regional heritability approaches. This may not be surprising, as this locus is primarily 603 

associated with recombination hotspot usage. Nevertheless, PRDM9 has been associated 604 

with recombination rate in cattle and male humans (Kong et al. 2014; Ma et al. 2015) and is 605 

likely to be consequence of differences in the abundance of motifs recognized by the PRDM9 606 

protein in hotspots rather than the locus itself affecting rate. In the current study, it was not 607 

possible to examine hotspot usage, as crossovers could only be resolved to a median interval 608 

of 800Mb. This is unlikely to be of the fine scale required to characterize hotspot variation, as 609 

they typically occur within 1-2kb intervals in mammals (Paigen and Petkov 2010). Further 610 

studies would require higher densities of markers to determine crossover positions at a 611 

greater resolution and to determine the functionality and/or relative importance of PRDM9 612 

within this system. 613 

 614 

Sexual dimorphism in genetic architecture of recombination rate. 615 

This study identified sexual dimorphism in the genetic architecture of recombination rate in 616 

Soay sheep. Using a classical quantitative genetic approach, the between-sex genetic 617 

correlation was not significantly different from 1, indicating that male and female 618 

recombination rate variation had a shared genetic basis – albeit with a relatively large error 619 

around this estimate. However, females had significantly higher additive genetic and residual 620 
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variance in the trait in comparison to males, and GWAS and regional heritability showed that 621 

the RNF212/CPLX1 region was associated with female recombination rate only. This is 622 

consistent with previous studies, where this region was associated with sexually dimorphic 623 

and sexually antagonistic variation in recombination rate in cattle and humans, respectively 624 

(Kong et al. 2014; Ma et al. 2015). Therefore, our findings suggest that variation in 625 

recombination rate has some degree of a shared and distinct genetic architecture between 626 

the sexes, which may be expected due to various similarities of this process of meiosis, but 627 

differences in its implementation within each sex (discussed further below). There were some 628 

differences in sample sizes between the sexes, with twice as many meioses characterized in 629 

females than males, so it could be argued that low sample sizes in males may have had less 630 

power to identify specific loci. Whilst possible, it is unlikely that the absence of associations 631 

between the RNF212/CPLX1 region and male recombination rate is due to low power to 632 

detect the effect, as (a) models including both sexes showed reduced, rather than increased 633 

significance in this region; (b) bivariate models accounting for variation in RNF212 as a fixed 634 

effect supported a sexually dimorphic genetic effect with a lower degree of error than the 635 

bivariate approach (Figure 7) and (c) repeating the association analysis at the most highly 636 

associated SNP using sampled datasets of identical size in males and females found 637 

consistently higher association at this locus in females (Figure S4). 638 

 639 

How much phenotypic variation in recombination rate is explained? 640 

The approaches used in this study were successful in characterizing several regions of the 641 

genome contributing to the additive genetic variance in recombination rate. The regional 642 

heritability approach demonstrated some potential for characterizing variation from multiple 643 

alleles and/or haplotypes encompassing both common and rare variants that are in linkage 644 
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disequilibrium with causal loci that were not detectable by GWAS alone (Nagamine et al. 645 

2012). However, whilst some of the genetic contribution to phenotypic variance was 646 

explained by specific genomic regions, the overall heritability of recombination rate was low, 647 

and a substantial proportion of the heritable variation was of unknown architecture (i.e. 648 

“missing heritability”; Manolio et al. 2009). In females, 64% of additive genetic variance was 649 

explained by the RNF212/CLPX1 and RNF212B/REC8 regions combined, but this only 650 

accounted for 11% of the phenotypic variance (Table S9), leaving the remaining additive 651 

genetic and phenotypic variance unexplained. Our sample size is small relative to such studies 652 

in model systems, and there may have been reduced power to detect genetic variants, 653 

particularly in males which were under-represented in the dataset.  However, our finding of 654 

low heritability and unexplained additive genetic variance are consistent with recent results 655 

from Icelandic humans, where despite a higher sample size (N = 15,253 males and 20,674 656 

females) and marker density (N = 30.3 × 106), the fraction of phenotypic variance explained 657 

by specific loci remained small; identified variants including RNF212 and CPLX1 explained just 658 

2.52 and 3.15% of male and female phenotypic variance, respectively, accounting for 29 and 659 

24.8% of the additive genetic variance (Kong et al. 2014). Therefore, despite evidence of a 660 

conserved genetic architecture across mammal systems, there remains a very large 661 

proportion of both the additive genetic and phenotypic variance unexplained. 662 

 663 

Variation and sexual dimorphism in recombination landscape. 664 

Males had considerably higher recombination rates than in females, which was driven mainly 665 

by large differences in crossover frequencies in the sub-telomeric regions between 0 and 666 

18.11Mb (Figure 3); recombination was reduced in males if the centromere was present in 667 

the sub-telomeric region (i.e. in autosomes 4 to 26, which are acrocentric), but unlike in cattle, 668 
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was still significantly higher than that of females (Figure S5; Ma et al. 2015). Outside the sub-669 

telomeric region, recombination rates were more similar between the sexes, with females 670 

showing slightly higher recombination rates between 18.1 and 40Mb from the telomere 671 

(Figure 3B). This observation of increased sub-telomeric recombination in males is consistent 672 

with studies in humans, cattle and mice (Kong et al. 2002; Shifman et al. 2006; Ma et al. 2015), 673 

although the magnitude of the difference is much greater in the Soay sheep population. 674 

Within females, the rate differences associated with different genotypes at RNF212 were 675 

most clear in regions likely to be euchromatic, whereas there was no difference in rate in 676 

regions likely to be heterochromatic, such as the sub-telomeric and centromeric regions 677 

(Figure S6, Table S10). 678 

 679 

Why is recombination rate higher in males? 680 

In placental mammals, females usually exhibit higher recombination rates than males 681 

(Lenormand and Dutheil 2005), and it has been postulated that this is a mechanism to avoid 682 

aneuploidy after long periods of meiotic arrest (Koehler et al. 1996; Morelli and Cohen 2005; 683 

Nagaoka et al. 2012). However, Soay sheep exhibited male-biased recombination rates to a 684 

greater degree than observed in any placental mammal to date (Male to Female linkage map 685 

ratio = 1.31). The biological significance of this remains unclear, although a number of 686 

mechanisms have been proposed to explain variation in sex differences more generally, 687 

including haploid selection (Lenormand and Dutheil 2005), meiotic drive (Brandvain and Coop 688 

2012), sperm competition, sexual dimorphism and dispersal (Trivers 1988; Burt et al. 1991; 689 

Mank 2009). Nevertheless, testing these ideas has been limited by a paucity of empirical data. 690 

 691 
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One possible explanation for elevated recombination in males is that Soay sheep have a highly 692 

promiscuous mating system. Males have the largest testes to body size ratio within ruminants 693 

(Stevenson et al. 2004) and experiences high levels of sperm competition, with dominant 694 

rams becoming sperm-depleted towards the end of the annual rut (Preston et al. 2001). 695 

Increased recombination may allow more rapid sperm production through formation of 696 

meiotic bouquets (Tankimanova et al. 2004). Another argument made by Ma et al. (2015) to 697 

explain increased recombination in male cattle (M:F linkage map ratio = 1.1) is that stronger 698 

selection in males may have indirectly selected for higher recombination rates in bulls and 699 

may be a consequence of domestication (Burt and Bell 1987; Ross-Ibarra 2004). Soay sheep 700 

underwent some domestication before arriving on St Kilda, and have comparable levels of 701 

male-biased recombination to domestic sheep (M:F linkage map ratio = 1.19; Maddox et al. 702 

2001). In contrast, wild bighorn sheep (Ovis canadensis) have not undergone domestication 703 

and have female-biased recombination rates (M:F linkage map ratio = 0.89; divergence 704 

~2.8Mya; Poissant et al. 2010). However, low marker density (N = 232 microsatellites) in the 705 

bighorn sheep study may have failed to resolve crossovers in the sub-telomeric regions; 706 

furthermore, a recent study of chiasma count in wild progenitor vs. domestic mammal species 707 

found that recombination rates had not increased with domestication in sheep (Muñoz-708 

Fuentes et al. 2015). In addition, wild cattle and sheep may have higher levels of sperm 709 

competition than other mammal species, supporting the former argument. Regardless, more 710 

empirical studies are required to elucidate the specific drivers of sex-differences in 711 

recombination rate at both a mechanistic and inter-specific level. Given our finding that the 712 

RNF212/CPLX1 region is involved in the sex difference in Soay sheep, there is a compelling 713 

case for a role for this region in driving sex-differences in mammal systems over relatively 714 

short evolutionary timescales. 715 
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 716 

Examining recombination rates in the wild. 717 

A principle motivation for the current study was to determine how recombination rate and 718 

its genetic architecture may vary relative to model species that have undergone strong 719 

selection in their recent history. We found that the heritability of recombination rate in Soay 720 

sheep was much lower than in cattle and mice, and was comparable with recent estimates in 721 

humans, which can also be considered a wild population (Kong et al. 2014). Despite these 722 

differences, variants affecting recombination rate on sheep chromosomes 6 and 7 have 723 

previously been associated with recombination rate in other mammalian populations (see 724 

above) and only the two relatively gene-poor regions identified on chromosome 3 are novel.  725 

Furthermore, examination of haplotypes around RNF212 suggests that variation at the 726 

RNF212/CPLX1 region affecting recombination rate has been segregating for a long time in 727 

sheep. Examining variation in the wild also allowed us to quantify the effects of the individual 728 

and environment on recombination rate; however, we found no effect of common 729 

environment effects (i.e. birth year and year of gamete transmission), individual age or 730 

inbreeding on recombination rate; rather, the majority of variation was attributed to residual 731 

effects. This contrasts with the observation in humans that recombination rates increase with 732 

age in females (Kong et al. 2004). Overall, our findings suggest a strong stochastic element 733 

driving recombination rates, with a small but significant heritable component that has a 734 

similar architecture to other mammal systems, regardless of their selective background. The 735 

Soay sheep system is one of the most comprehensive wild datasets in terms of genomic 736 

resources and sampling density, making it one of the most suitable in terms of quantifying 737 

and analyzing recombination rate variation in the wild. A future ambition is to investigate the 738 

fitness consequences of phenotypic variation in ACC and more specifically the relationship 739 
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between variants identified in this study and individual life-history variation, to determine if 740 

the maintenance of genetic variation for recombination rates is due to selection, sexually 741 

antagonistic effects, or stochastic processes. 742 

 743 

Conclusions 744 

In this study, we have shown that recombination rates in Soay sheep are heritable and have 745 

a sexually dimorphic genetic architecture. The variants identified have been implicated in 746 

recombination rates in other mammal species, indicating a conserved genetic basis across 747 

distantly related taxa. However, the proportion of phenotypic variation explained by 748 

identified variants was low; this was consistent with studies in humans and cattle, in which 749 

although genetic variants were identified, the majority of both additive genetic and 750 

phenotypic variance has remained unexplained. Similar studies in both mammalian and non-751 

mammalian wild systems may provide a broader insight into the genetic and non-genetic 752 

drivers of recombination rate variation, as well its evolution in contemporary populations. 753 

However, the question remains as to whether variation in recombination rate is adaptive or 754 

merely a by-product of other biological processes. Overall, the approaches and findings 755 

presented here provide an important foundation for studies examining the evolution of 756 

recombination rates in contemporary natural populations.  757 
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FIGURES AND TABLES 940 

 941 

 942 

 943 

Figure 1. Diagram of the sub-pedigree structure used to infer crossover events. Rectangle 944 

pairs next to each individual represent chromatids, with black and grey shading indicating 945 

chromosome or chromosome sections of FID paternal and FID maternal origin, respectively. 946 

White shading indicates chromatids for which the origin of SNPs cannot be determined. 947 

Crossovers in the gamete transferred from the focal individual (FID) to its offspring (indicated 948 

by the grey arrow) can be distinguished at the points where origin of alleles origin flips from 949 

FID paternal to FID maternal and vice versa. 950 
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 952 

 953 

Figure 2. Broad scale variation in recombination rate. 954 

Relationships between: (A) sex-averaged linkage map length (cM) and physical chromosome 955 

length (Mb); (B) physical chromosome length (Mb) and recombination rate (cM/Mb); and (C) 956 

male and female linkage map lengths (cM). Points are chromosome numbers. Lines and the 957 

grey shaded areas indicate the regression slopes and standard errors, respectively, excluding 958 

the X chromosome. The dashed line in (C) indicates the where male and female linkage maps 959 

are of equal length. NB. The male linkage map length for the X chromosome is equivalent to 960 

the length of the pseudo-autosomal region. 961 
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 963 

Figure 3. Variation in recombination rate relative to telomeric regions. 964 

Probability of crossing over relative to the nearest telomere (Mb) for (A) female and male 965 

linkage maps individually and (B) the difference between male and female crossover 966 

probabilities (male minus female). Data points are given for 1Mb windows. Lines indicate the 967 

function of best fit.  968 
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 970 

Figure 4. Genome-wide association of autosomal crossover count. 971 

Genome-wide association statistics in (A) all sheep, (B) females only and (C) males only. The 972 

dotted line indicates the threshold for statistical significance after multiple testing (equivalent 973 

to an experiment-wide threshold of P = 0.05). The left column shows association statistics 974 

relative to genomic position; points are color coded by chromosome. The right column shows 975 

the distribution of observed P values against those expected from a null distribution. 976 

Association statistics were not corrected using genomic control as λ was less than one for all 977 

GWAS (λ = 0.996, 0.933 and 0.900 for plots A, B and C, respectively). Underlying data on 978 

associations at the most highly associated SNPs, their genomic positions, and the sample sizes 979 

are given in Table S5. The significant SNP in grey at position zero in (A) and (B) occurs on an 980 

unmapped contig that is likely to correspond to the distal region of chromosome 6 (see text). 981 
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 982 

Figure 5. Regional heritability analysis of autosomal crossover count.  983 

Significance of association analysis in (A) all sheep, (B) females only and (C) males only. The 984 

results presented are from a sliding window of 20 SNPs across 26 autosomes, with an overlap 985 

of 10 SNPs (see main text). Points represent the median base pair position of all SNPs within 986 

the sliding window. The solid black horizontal line is the significance threshold after multiple 987 

testing. Underlying data is provided in Table S4. 988 
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 990 

Figure 6. Associations at the sub-telomeric region of chromosome 6. 991 

Local associations of female ACC with Ovine SNP50 BeadChip SNPs (black circles, middle 992 

panel) and imputed genotypes from the Ovine HD SNP BeadChip (red triangles). The top panel 993 

indicates protein coding regions within this region as provided by the NCBI Graphical 994 

Sequence Viewer v3.8, with genes previously implicated in recombination or meiosis given in 995 

bold text (see Introduction and (Yokobayashi et al. 2013; Kong et al. 2014)). The dashed line 996 

in the middle panel indicates the significance threshold after multiple testing. The lower panel 997 
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is a heatmap of linkage disequilibrium in this region calculated for the 188 individuals typed 998 

on the HD SNP chip using Spearman Rank correlation r2 created using the R library LDheatmap 999 

(Shin et al. 2006). The superimposed beige block indicates a region that is likely to be 1000 

incorrectly assembled on the sheep genome assembly (Oar v3.1) based on sequence 1001 

comparison with the homologous region of the cattle genome assembly (vUMD3.1; see File 1002 

S3); its position is likely to fall within the region indicated by the grey chequered pattern to 1003 

the left, leaving a large region of very high LD at the distal end of chromosome 6. 1004 

 1005 

Figure 7. Effect sizes from a bivariate animal model of autosomal crossover count. 1006 

Effect sizes are shown for (A) females and (B) males from a single bivariate model including 1007 

oar3_OAR6_116402578 genotype as a fixed interaction term. Error bars are the standard 1008 

error around the model intercept (genotype A/A) or the effect size relative to the intercept 1009 

(genotypes G/A and G/G). Numbers above the points indicate the number of observations 1010 

and the number of FIDs (in parentheses) for each genotype. 1011 
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 1013 

TABLE 1. DATASET INFORMATION AND ANIMAL MODEL RESULTS OF AUTOSOMAL CROSSOVER COUNT (ACC). 1014 

NOBS, NFIDs and NXovers indicate the number of ACC measures, the number of FIDs and the total number of 1015 

crossovers observed, respectively. Mean is that of the raw data, and VP and VA are the phenotypic and additive 1016 

genetic variances, respectively. The heritability h2 and residual effect e2 are the proportions of phenotype 1017 

variance explained by the additive genetic and residual variances, respectively. P (h2) is the significance of the 1018 

additive genetic effect (h2) as determined using a model comparison approach (see text). VA and heritability 1019 

were modelled using genomic relatedness. Figures in brackets are standard errors. 1020 

 1021 

Sex NOBS NFIDs NXovers Mean VP VA h2 e2 P (h2) 

Both 3330 813 98420 29.56 

(0.11) 

29.56 

(0.83) 

4.28 

(0.85) 

0.15 

(0.03) 

0.85 

(0.02) 

6.88 × 10-15 

Female 2134 586 57613 27.00 

(0.10) 

31.71 

(1.06) 

5.04 

(0.82) 

0.16 

(0.02) 

0.84 

(0.02) 

4.76 × 10-12 

Male 1196 227 40807 34.12 

(0.09) 

25.21 

(1.16) 

2.97 

(0.84) 

0.12 

(0.03) 

0.88 

(0.03) 

0.022 

 1022 
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 1024 

TABLE 2. TOP HITS FROM GENOME-WIDE ASSOCIATION STUDIES OF ACC IN ALL SHEEP, FEMALES AND 1025 

MALES. Results provided are from the Ovine SNP50 BeadChip and (below the line) the most highly associated 1026 

imputed SNP from chromosome 61. Additional loci that were significantly associated with ACC and in strong LD 1027 

with these hits are not shown; full GWAS results are provided in Table S5 and S6. A and B indicate the 1028 

reference alleles. P values are given for a Wald test of an animal model with SNP genotype fitted as a fixed 1029 

effect; those in bold type were genome-wide significant. VSNP is the variance attributed to the SNP and Prop. VA 1030 

is the proportion of the additive genetic variance explained by the SNP. Effect AB and BB are the effect sizes of 1031 

genotypes AB and BB, respectively, relative to the model intercept at genotype AA. The number of unique 1032 

individuals for all sheep, females and males are approximately N = 813, 586 and 227, respectively. Numbers in 1033 

brackets are standard errors. 1034 

 1035 

SNP Information A B MAF Data P VSNP  Prop. VA Effect AB Effect BB 

OAR3_51273010.1 A G 0.44 All sheep 0.22 0.02  < 0.01 -0.58 -0.46 

Chr 3      (0.03)   (0.34) (0.41) 

Position: 48,101,207    Females 0.89 0.01  < 0.01 0.04 0.19 

      (0.03)   (0.42) (0.49) 

    Males 1.15×10-6 0.32  0.18 -2.82 -2.05 

      (0.18)   (0.54) (0.6) 

OAR3_87207249.1 A C 0.25 All sheep 1.95×10-6 0.38  0.09 2.00 2.67 

Chr 3      (0.27)   (0.5) (0.52) 

Position: 82,382,182    Females 5.82×10-6 0.33  0.07 2.86 3.18 

      (0.37)   (0.63) (0.65) 

    Males 0.04 0.28  0.08 0.36 1.38 

      (0.27)   (0.82) (0.83) 

s74824.1 A G 0.43 All sheep 2.92×10-10 0.84  0.19 -1.46 -2.70 

Chr 6      (0.26)   (0.36) (0.42) 

Position: 116,668,852    Females 1.07×10-11 1.36  0.25 -1.68 -3.37 

      (0.4)   (0.43) (0.49) 

    Males 0.55 0.03  0.01 -0.72 -0.69 
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            (0.09)    (0.67) (0.72) 

1oar3_OAR6_116402578 A G 0.27 All sheep 2.62×10-16 1.14  0.26 2.46 3.89 

Chr 6      (0.4)   (0.46) (0.49) 

Position: 116,402,578    Females 1.83×10-19 1.80  0.35 3.30 4.98 

      (0.57)   (0.54) (0.56) 

    Males 0.73 0.03  0.01 0.58 0.74 

            (0.13)    (0.97) (0.97) 
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