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Summary

Until recently, a genome wide association study in rabbits to identify putative candidate genes
was unfeasible due the lack of high density SNP chips and a reference genome. The aim of
this study was to identify relevant genomic regions associated to litter size components
exploiting genotypes and phenotypes of the UC divergent selection experiment. The results
showed relevant genomic regions associated to total number born (TNB), number born alive
(NBA), implanted embryo (IE), and ovulation rate (OR). This association was especially
evident for a region on chromosome 17 accounting for 16.32%, 3.52% and 11.68% of
genomic variance for TNB, NBA and IE, respectively. Genes within this region (i.e. BMP4,
PTGDR, STYX and CDKN3 genes) play roles in reproductive functions. This is the first
genome wide association study for reproductive traits in rabbits that provides hints to unravel
the genetics basis of reproductive traits in prolific species.
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Introduction

Litter size has a special economic impact in prolific species such as pigs or rabbits.
However, the heritability of this trait is small and its genetic selection has a modest response
in rabbits, around 0.1 kits per generation (see review of Khalil & Al-Saef 2008). An explored
alternative has been the selection for litter size components such as uterine capacity (UC), or
ovulation rate (OR), or using independent levels, ovulation rate and litter size (see review of
Khalil & Al-Saef 2008; Ziadi et al., 2013).

An experiment of divergent selection for UC was carried out successfully at the
Institute for Animal Science and Technology of the Universitat Politècnica de València
(UPV). After ten generations of selection, the divergence between both lines was 1.50 kits for
UC (Blasco et al., 2005), with a correlated response in litter size of 2.35 kits (Santacreu et al.,
2005). Interestingly, half of the response in UC was obtained in the first two generations
suggesting the presence of a putative QTL with a large effect segregating in the population
(Argente et al., 2003; Blasco et al., 2005). Later, an association between a progesterone
receptor (PGR) gene marker and little size traits was reported (Peiró et al., 2008).
Additionally, another study showed that some genes (PGR, HSD17B4 and ERO1L) were
identified to be differentially expressed between the UC divergent lines and could be related
to early embryo survival (Ballester et al., 2013). Nevertheless, the lack of a high-density
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SNP-array made a whole genome association analysis impossible.
Since 2015, a SNP-array is available for the rabbit. Divergent selection experiments are

particularly suitable for genomic association experiments because they increase the statistical
power in experiments with limiting number of animals to be analyzed. The aim of this
research was to identify genomic regions and candidate genes associated with litter size and
other reproductive traits in rabbits taking advantage of the unique rabbit genetic resource
developed at UPV.

Material and methods

Phenotype and genomic data

Animals came from an experiment of divergent selection for UC described in more
details in Blasco et al., (2005). The study included 90 does of a high UC line, 69 does of a
low UC line and 30 does of a base population (Control). Phenotypic data were collected
during the second parity in the following traits: total number born (TNB); number born alive
(NBA); number born dead (NBD); OR estimated as number of corpora lutea; implanted
embryos (IE) estimated as number of implantation sites; embryo survival (ES) computed as
IE/OR; fetal survival (FS) as TNB/IE; prenatal survival (PS) as TNB/OR.

Does were genotyped using the Affymetrix Axiom OrcunSNP Array. The SNP-array
contains 199,692 molecular markers. Quality control and genotype calling from the raw data
were carried out with Axiom Analysis Suite v. 2.0. The SNP data was filtered using following
quality control criteria: call rate ≥ 0.95, P-value > 10E-07 for the χ2 test for Hardy Weinberg
equilibrium, minor allele frequencies (MAF) ≥ 0.03, and only SNPs with known chromosome
position. Additionally, animal samples with a missing genotype frequency > 0.03 or for
failing a Mendelian segregation (parentage) test were excluded from the data set. After
quality control, 183 animals and 117,806 SNPs were used for association analyses.

Statistical analysis and functional enrichment analysis

The genome wide association studies (GWAS) between genomic regions and SNPs
were analyzed using the Bayes B model implemented in the GenSel software (Garrick &
Fernando, 2013). The statistical model was:

(1)

where is the vector of the phenotypic values; is the incidence matrix for systematic
effects; is the vector with the systematic effects of year-season (five levels), line (high UC,
low UC, or Control), and lactation (two levels);  is the vector of genotypes for a SNP at locus
j (j = 1,…, k, where k is the number of SNPs after quality control); is the random
substitution effect for SNP; is a random 0/1 variable that represents the presence ( = 1 with
probability 1-π) and the absence ( = 0 with probability π) in the model for a given iteration of
the Markov chain; and is the vector of the random residuals. The number of SNPs with non-
zero effects in each iteration was determined using predefined values for the parameter π
(around 0.9995). This parameter was computed for each trait based on total number of data
and SNPs, due to the limited number of animals in the research (Ros-Freixedes et al., 2016).

The marginal posterior distributions of the model parameters were estimated using
Markov chain Monte Carlo (MCMC). A final chain of 10,000 samples from 825,000
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iterations with a burn-in of 225,000 and thin of 60 were used for the analyses. The association
between a genomic region and the trait was assessed by the posterior distribution of the
percentage of the total genetic variance explained by the SNP markers within 1Mb non-
overlapping windows. Genomic windows were defined on chromosome positions described
on OryCun2.0 rabbit genome assembly. In this study, 2,173 genomic windows were allocated
to the 21 autosomes and chromosome X. Genomic regions that explained at least 1.0% of the
genetic variance of a particular trait were considered to be associated. Consecutive genomic
windows to those explaining at least 1% of genetic variance and that independently accounted
for at least 0.5% of this variance were considered as suggestively associated.

The gene annotations were obtained from the Ensembl Genes 87 database using the
Biomart Software (Aken et al., 2016). The functional enrichment and metabolic pathways
analyses were performed on the “Database for Annotation, Visualization and Integrated
Discovery” (DAVID) v.6.8 (http://David.abcc.ncifcrf.gov/) (Jiao et al., 2012). The pathways
and functional analyses were assessed through available genomic information in humans, rats,
and mice, because the annotation for the rabbit is incomplete. We remarked as outstanding
genomic information the Gene Ontology (GO) terms and biological function with a p-value <
0.01 and that were found in at least two species

Results and discussion

The GWAS showed genomic windows associated with the following traits: TNB, NBA,
IE and OR (Table 1). The same genomic windows were associated with TNB and NBA, in
agreement with the close relation between these traits in rabbits (Santacreu et al., 2005).
These identified windows explained 16.32%, 3.52%, 21.67%, and 2.16% of the genetic
variance for TNB, NBA, IE, and OR, respectively. The most important genomic region for
TNB was on chromosome 17 (Figure 1). This area was also strongly associated with NBA
and IE. In the case of OR, two genomic windows on chromosome 9 were associated with this
trait. Four genomic windows on chromosome 11 were associated with IE.

Enrichment analysis for the genes included in the genomic regions showed that the most
relevant functions were linked to cellular response to prostaglandin stimulus, regulation of
biological quality, cell redox homeostasis, protein folding, and reproductive processes.
Highlighted genes associated to reproductive processes were PTGDR, BMP4, STYX, and
CDKN3. PTGDR plays important roles in the differentiation of germ and Sertoli cells of the
embryonic testis in adults (Rossitto et al., 2014). Genes of the transforming growth factor-β
superfamily, including BMP4, are involved in follicular growth and development in mammals
(Al-Samerria et al., 2015), and in trophoblast development, implantation and placentation in
humans (Li & Parast, 2014). Reduction of STYX expression disrupts spermatid development
(Matzuk & Lamb, 2002). In mice, BMP4 and CDKN3 affect embryo development processes
(Gurley et al., 2006; Goggolidou et al., 2013).

Conclusions

This study reported associations between genomic regions and TNB, NBA and IE. Four
consecutive windows on chromosome 17 explained a high percentage of the additive genetic
variance for TNB, NBA and IE suggesting that this region contain major QTLs for
reproductive traits in rabbits. A few candidate genes in reproductive processes have been also
identified. This study is the first GWAS for reproductive traits in rabbits and provides a
starting point to unravel the genetic basis of reproductive trait in rabbits.

http://David.abcc.ncifcrf.gov/
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Table 1. Genomic windows associated with total number born (TNB), number born alive
(NBA), implanted embryos (IE), and ovulation rate (OR) in rabbits

Traits (%Var)1 Chr2
Position in

Mb3
#SNP4 Genes5

TNB (8.16%),
NBA (1.45%),
IE (5.62%)

17 73.1 - 73.3 16 CDKN3, GMFB, CGRRF1, SAMD4A

TNB (6.76%),
NBA (0.96%),
IE (6.06%)

17 72.0 - 73.0 66 PNRC2, BMP4, 5S_RNA*, U4*,
snoU13*

TNB (0.62%),
NBA (0.55%)

17 70.0 - 71.0 61 TRIM9, TMX1, FRMD6, GNG2,
LOC100342136, NID2, SCARNA23*

TNB (0.78%),
NBA (0.56%)

17 71.0 - 72.0 51 PTGDR, PTGER2, TXNDC16,
GPR137C, ERO1A, PSMC6, STYX,
FERMT2, DDHD1, 7SK*,
ENSOCUG00000007858

IE (3.83%) 17 37.0 - 38.0 85 U6*

IE (2.77%) 11 39.0 - 40.0 71 TRIO, FAM105A, OTULIN, ANKH,
5S_rRNA*, U6*

IE (1.71%) 11 38.0 - 39.0 66 DNAH5, ENSOCUG00000025796*
IE (0.79%) 11 35.2 - 35.9 55 FAM173B, CCT5, CMBL, MARCH6,

ROPN1L, ANKRD33B,
ENSOCUG00000010666

IE (0.89%) 11 36.0 - 37.0 76 CTNND2, 5S_rRNA*,
ENSOCUG00000027984

OR (1.13%) 9 47.0 - 48.0 52 C4orf3, ENSOCUG00000021038,
ENSOCUG00000002078,
ENSOCUG00000025665,
ENSOCUG00000023430

OR (1.03%) 9 42.0 - 43.0 55 CNTN3, 5S_rRNA*, U6*
1 Percent of genomic variance accounted for by the genomic window.
2 Chromosome.
3 Position of the genomic window in megabases on The Orycub2.0 corresponding chromosome.
4 Number of SNPs into the window.
5 Annotated genes in the window portion delimited by the SNPs included in the window.
*Non-coding genomic DNA.
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Figure 1. Manhattan plot of the proportion of genetic variance explained by the genomic
windows for total number born (TNB).
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