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Summary

To better understand the genotype x environment interactions underlying a repeatable low litter
birth weight phenotype, a genome-wide association study (GWAS) was performed in 595
production nucleus sows (maternal line, PIC) with 2,349 litter records, using the Affymetrix
Axiom® 650K SNP Array and single step GBLUP methods. Phenotypic traits included total
number of piglets born (TNB), number of piglets born alive (NBA), individual litter birth
weights (LBWt), and a repeatable average birth weight (meanBWt) per litter. The most
important region found was on Sus scrofa chromosome (SSC) 8 around 146 -148Mb, which was
associated with TNB, NBA and meanBWt, explaining between 1.7% and 7.8% of the genetic
variance for these traits. Two regions on SSC16 (37-38Mb and 56-57Mb) and one region on
SSC9 (116-117Mb) were detected for both TNB and NBA, explaining about 2.1 – 6.0% and 4.0
- 8.3% genetic variance of the two traits, respectively. An additional five regions on SSC1, 2, 4,
and 10 were also detected for both TNB and NBA. Seventeen regions located on SSC1, 2, 4, 5,
6, 7, 9, 10, 12, 15 and 17 were found for both LBWt and meanBWt. The genetic variance
explained by these regions ranged from 1.1% to 5.9% for LBWt, and 1.1% to 7.4% for
meanBWt. Candidate genes identified included FGF18, GABRP, PROX1, DDX42, FTSJ3 that
are functionally related to fertilization, embryogenesis, organ development, uterine tissue
contractility and growth. Their roles in regulating component reproductive traits contributing to
a repeatable low litter birth weight phenotype is being further explored using subsets of data
from sows with extreme birth weight phenotypes.
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Introduction

The efficiency of pig production depends, among other factors, on both the number and quality
of pigs born. Although a negative association between total born and birth weight has been
reversed in recent years, genetic selection for the component reproductive traits (ovulation rate,
early embryonic survival and uterine capacity) contributing to a repeatable low birth weight
phenotype, independent of numbers born, is limited by the lack of phenotypic data (Foxcroft
2012). Furthermore, the low heritability and sex-limited nature of these component traits, and
their expression later in life, limit selection programs. The availability of the pig genome
assembly and high density SNP chips provides further opportunities to explore the underlying
genetics for such complex phenotypic traits (Meuwissen & Goddard 2010). A higher density
SNP chip (650K) and well-defined litter birth weight phenotypes in production nucleus sows
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were used in the present study to gain a better understanding of the genetic architecture
contributing to a low litter birth weight phenotype.

Materials and methods

Animals and data collection

A total of 595 production nucleus maternal line PIC sows, with more than two litter records for
each, were used in this study. The pedigree was traced back about 4 generations including 1,918
animals. Four phenotypic traits, total number of piglets born (TNB), number of piglets born
alive (NBA), individual litter birth weights (LBWt), and a repeatable average birth weight
(meanBWt) per litter were included in the analysis. After removing data from six litters showing
extreme deviation from the population mean for LBWt, and eight litters with less than four TNB,
phenotypic data for a total of 2,349 litters born to 595 sows were used in final analyses.

Genomic DNA was isolated from tail tissue samples for the 595 sows following the DNA
Extraction instruction manual (Thermo Fisher Scientific Ltd., Ottawa, ON, Canada). Genotyping
was conducted by Delta Genomics (Edmonton, AB, Canada) using the Affymetrix Axiom®
650K SNP Array. The raw genotype data was selected according to the following criteria: SNP
call rate ≥ 95%, SNPs with map information on autosomes (Sscrofa 10.2), Chi-square of Hardy-
Weinberg equilibrium test < 600 and minor allele frequency ≥ 1%. The missing genotypes were
imputed using Fimpute v2.2 (Sargolzaei et al., 2014). A total of 467,791 SNPs remained for the
genomic association analysis.

Statistical analysis

The single step GBLUP (SSGBLUP) (Misztal et al., 2014) method was used for the GWAS
using the animal model described in equation (1).

(1)

in which y, b, a, p and e are vectors of phenotypes, the overall mean as fixed effects (parity,
year-season, gestation length) and covariant of litter size, additive genetic effects, permanent
environmental effects of sows and random residuals, respectively; X, and are incidence matrices
for vectors b, a and p, respectively. Additive genetic effect (a) was estimated based on the H
matrix which combines the pedigree based A matrix (1,918 × 1,918) and genotype based G
matrix (595 × 595) according to (Aguilar et al., 2010). Only the significant factors (P < 0.01)
were fitted for each trait. Parity (1-7) and gestation length (10 levels, 111-120 days) were
significant for all traits. Farrowing year-season (9 levels) was significant for meanBWt. Litter
size (14.31± 3.23) was significant for LBWt and meanBWt.

Given the genomic estimated breeding values (GEBVs), the SNP effects can be estimated
as , where was the vector of SNP effects, D was a diagonal matrix of weights of SNPs, and was
the vector of GEBVs (Wang et al., 2012). Candidate regions associated with the traits were
identified based on the proportion of total genetic variance explained by 1Mb genomic window
of adjacent SNPs evaluated across the entire genome. All calculations were performed using the
BLUPF90 family of programs (Misztal et al., 2014).

The genes within the detected 1Mb regions were identified according to the Sscrofa 10.2
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genome assembly (http://www.ensembl.org/biomart/martview). The summary and GO
annotations of the genes were obtained using the information in GENE CARDS
(http://www.genecards.org).

Results and discussion

Regions (1Mb) explaining more than 1% total genetic variance of the traits were selected in this
study. More than 10 regions were detected for each trait, and those associated with multiple traits
are presented in Table 1. Heritability estimates from SSGBLUP were low for TNB (0.11) and
NBA (0.09), and medium for LBWt (0.20) and meanBWt (0.36). Based on conclusions from
extensive phenotypic studies of domestic sow reproductive traits (Foxcroft 2012), SNPs
associated with litter birth weight phenotypes or with key component reproductive traits driving
excessive intra-uterine crowding of embryos in early gestation (ovulation rate, embryonic
survival and placental development), are of particular significance.

The most important region found on SSC8 around 146-148Mb was associated with three
traits, explaining 2.8%, 7.8% and 1.7% genetic variance for TNB, NBA and meanBWt,
respectively. Nearby regions (138Mb, 142Mb) on SSC8 were previously reported for meanBWt
(Schneider et al., 2012). Two regions on SSC16 (37-38Mb, 56-57Mb) were the most important
for litter size, collectively explaining 8.1% and 12.6% genetic variance for TNB and NBA,
respectively. Two nearby regions on SSC16 (~36Mb, 61-62Mb) were previously reported for
ovulation rate (Schneider et al., 2014). An additional six regions on SSC1, 2, 4, 9 and 10 were
also detected for both TNB and NBA, and these or nearby loci have been previously reported to
be associated with TNB, NBA or ovulation rate (Schneider et al., 2012; Schneider et al., 2014;
Bergfelder-Drüing et al., 2015). Regions associated with ovulation rate are of interest, as a high
ovulation rate in the mature sow is hypothesised to be one component trait linked to extremes of
intra-uterine crowding of embryos in early gestation, resulting in poor placental development
and thus the low litter birth weight phenotype (Foxcroft 2012).

Seventeen 1Mb genomic regions were detected for both LBWt and meanBWt. Those
located on SSC10 around 68-69Mb and 46-47Mb collectively explained 7.0% and 8.7% genetic
variance for LBWt and meanBWt, respectively. Several nearby regions on SSC10 (63Mb, 65-
66Mb, 70-71Mb, 76Mb) were previously reported for meanBWt (Schneider et al., 2012),
ovulation rate (Schneider et al., 2014) and TNB (Bergfelder-Drüing et al., 2015). On SSC12,
two regions (9-10Mb, 14-15Mb) collectively explained about 6.5% and 6.8% genetic variance
for LBWt and meanBWt, respectively. A region around 10Mb was previously reported for
meanBWt (Schneider et al., 2012). Thirteen other regions for both LBWt and meanBWt were
located on SSC1, 2, 4, 5, 6, 7, 9, 15 and 17. Some of these regions or nearby loci were
previously reported for LBWt, meanBWt, TNB, NBA and ovulation rate (Schneider et al., 2012;
Schneider et al., 2014). This suggests that there are genes in these regions influencing several of
the traits of interest. There is potential to use this information to improve our understanding of
the underlying biology of the low litter birth weight phenotype and to improve selection against
this problematic trait.

Several known genes were identified within the detected regions for sow litter traits. GO
annotations indicated potential roles for some of these genes in regulating reproductive traits that
underlie a low litter birth weight phenotype. For example, GABRP (Gamma-Aminobutyric Acid
Type A Receptor Pi Subunit), is expressed in the uterus and ovaries. The function of the receptor
appears to be related to contractility in the uterus, which is very important during early
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pregnancy. FGF18 (Fibroblast Growth Factor 18) is required for normal ossification and bone
development and FGF family members are involved in embryonic development and cell growth.
PROX1 (Prospero Homeobox 1) plays a critical role in embryonic development and functions as
a key regulatory protein in neurogenesis and the development of many organs. DDX42 (DEAD-
Box Helicase 42) encodes a member of the Asp-Glu-Ala-Asp (DEAD) box protein family.
Members of this family are also believed to be involved in embryogenesis, spermatogenesis, and
cellular growth and division. The protein encoded by FTSJ3 (FtsJ Homolog 3) is possibly
involved in embryogenesis in mouse. The potential role of such genes in regulating the key
reproductive traits underlying a low litter birth weight phenotype is being further explored using
gene network analysis and SNP prevalence in subsets of sows representing extreme litter birth
weight phenotypes in the sow population studied.
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Table 1 The genomic regions (%GenVar > 1) associated with multiple trait

% GenVar3

Regions SSC2 Start_position End_position TNB NBA LBWt meanBWt

Heritability1 0.11 (0.05) 0.09 (0.03) 0.20 (0.37) 0.36 (0.30)

8_146:148 8 146,099,893 148,098,877 2.8 7.8 < 1.0 1.7

1_228:229 1 228,832,567 229,831,686 1.1 2.3 < 1.0 < 1.0

1_258:259 1 258,052,505 259,050,940 1.5 1.5 < 1.0 < 1.0

2_153:154 2 153,514,100 154,522,211 2.5 1.5 < 1.0 < 1.0

4_133:134 4 133,846,439 134,844,681 1.7 1.1 < 1.0 < 1.0

9_116:117 9 116,346,335 117,449,891 2.1 4.0 < 1.0 < 1.0

10_35:36 10 35,431,655 36,430,593 1.2 1.8 < 1.0 < 1.0

16_37:38 16 37,871,692 38,989,314 6.0 8.3 < 1.0 < 1.0

16_56:57 16 56,731,027 57,730,641 2.1 4.3 < 1.0 < 1.0

1_69:70 1 69,541,084 70,538,355 < 1.0 < 1.0 1.5 1.1

1_71:72 1 71,279,820 72,278,759 < 1.0 < 1.0 1.7 1.4

2_87:88 2 87,778,749 88,778,497 < 1.0 < 1.0 1.6 1.4

2_157:158 2 157,355,302 158,354,185 < 1.0 < 1.0 1.2 1.2

4_130:131 4 130,015,691 131,011,944 < 1.0 < 1.0 2.1 1.1

5_29:30 5 29,190,744 30,189,853 < 1.0 < 1.0 1.2 1.1

6_39:40 6 39,252,930 40,251,615 < 1.0 < 1.0 1.2 1.2

7_99:100 7 99,412,010 100,411,048 < 1.0 < 1.0 3.4 2.0

7_100:101 7 100,553,487 101,551,716 < 1.0 < 1.0 1.3 1.1

9_142:143 9 142,404,937 143,404,548 < 1.0 < 1.0 1.9 1.8

10_46:47 10 46,941,179 47,940,771 < 1.0 < 1.0 1.2 1.3

10_68:69 10 68,572,371 69,567,923 < 1.0 < 1.0 5.9 7.4

12_9:10 12 9,508,414 10,506,926 < 1.0 < 1.0 2.0 1.5

12_14:15 12 14,886,070 15,885,172 < 1.0 < 1.0 4.5 5.3

15_31:32 15 31,297,399 32,295,775 < 1.0 < 1.0 2.6 2.7

15_154:155 15 154,124,671 155,121,123 < 1.0 < 1.0 1.5 1.2

17_33:34 17 33,182,923 34,181,598 < 1.0 < 1.0 1.2 1.5
1: Heritability estimates from SSGBLUP based on pedigree and genotypes, and from ASREML
(numbers in the parenthesis) based pedigree.
2: Sus scrofa chromosome (SSC);
3: Proportion of genetic variance of the traits explained by the region (%GenVar);


