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ABSTRACT: Genetic structure based on high-density gen-
otypes was analyzed in three genetic lines of swine that 
express substantial variation in litter size traits to uncover 
regions of the genome that displayed shifts in allelic fre-
quency possibly due to selection. The experimental lines 
include the Nebraska Index Line (NIL) and a control line 
(CTRL), both originating from the same Large White by 
Landrace composite population, and a Duroc by Hampshire 
(DxH) commercial line. NIL underwent long-term selection 
for litter size traits, while no selection for litter size was 
practiced in CTRL and DxH. Regions that displayed signif-
icant changes in SNP heterozygosity and significant differ-
ences in allelic frequency between populations were identi-
fied. Many of these regions overlapped with significant 
QTL for litter size traits identified by genome-wide associa-
tion studies and contained candidate genes involved in vari-
ous reproductive processes. 
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Introduction 
 

Litter size is an economically important trait that 
has been emphasized in selection programs in all modern 
maternal lines. Nebraska Index Line (NIL) is a result of 
long-term selection for litter size beginning in 1981 in a 
composite population based on Landrace and Large White 
genetics. In generations 0-11, NIL was selected for in-
creased ovulation rate (OR) and embryonic survival (ES) 
via an index. Selection was performed for increased number 
of fully formed pigs per litter (FF) in generations 12-14 and 
increased number of pigs born alive per litter (NBA) and 
birth weight (BW) in generations 15-19. Increased number 
of pigs born alive, increased growth rate (WT), decreased 
backfat (BF), and increased Longissimus muscle area 
(LMA) has been the objective of selection since generation 
20. Generation interval was one year. A control line 
(CTRL) was maintained throughout the selection period. 
Full-sibling and half-sibling matings were avoided in all 
generations in both lines (Hsu (2011)).  
 

All selection strategies, both direct and indirect, 
were successful in increasing NBA. The selection differen-
tial per generation was 0.425 during selection for OR and 
ES and 1.637 per generation during selection for FF. Dur-
ing selection for NBA+BW and NBA+WT+BF+LMA, the 
selection differential per generation was 1.209 and 1.494, 
respectively. The mean selection differential per generation 

in generations 1-28 was 0.985. In the most recent genera-
tion, NBA reached 13.4 piglets per litter in NIL, while 
ranging between eight and nine piglets per litter throughout 
the experiment in CTRL. After 28 generations of selection, 
genetic variance in NBA was still present, indicating poten-
tial to continue to increase NBA through selection (Hsu 
(2011)). 

 
Selection for litter size is not practiced in commer-

cial paternal lines, including breeds like Duroc and Hamp-
shire. On average, TNB is 9.9 in Duroc, compared to 14.2 
and 14.6 in Large White and Landrace, respectively (Bi-
danel (2011)). These populations provide a unique oppor-
tunity to use genomic resources to identify genes and genet-
ic markers that have been targeted by selection. 

 
The objective of this study was to uncover regions 

of the genome that displayed shifts in allelic frequency due 
to selection in NIL compared to populations in which selec-
tion for litter size was not practiced. We hypothesized that 
some of the regions that expressed large shifts in allelic 
frequencies in NIL due to selection will overlap with QTL 
for litter size. 

 
Materials and Methods 

 
Resource populations. The experimental popula-

tions include representative males and females sampled 
from NIL (n = 74, generation 2013) and CTRL (n = 61, 
generation 2011) and males from a commercial Duroc by 
Hampshire cross (DxH) population (n = 92). Genome-wide 
association studies (GWAS) and heritability estimates were 
conducted within the UNL sow reproductive longevity re-
source population, based on NIL and commercial Large 
White and Landrace genetics. Sows from this population (n 
> 1,000) were phenotyped for an array of developmental, 
reproductive, and longevity phenotypes (Tart et al. (2013)). 

 
DNA isolation and genotyping. DNA was isolat-

ed from tail clips using DNeasy blood and tissue kits (Qi-
agen). High-density genotypes were obtained using Porcine 
SNP60K BeadArray (Illumina). Low quality genotypes 
were removed using a GenCall genotype quality score of 
0.40 and a sample and SNP genotyping call rate of 0.80 as 
thresholds. The remaining SNPs (n = 55,619) were mapped 
on build 10.2 of the reference assembly of the porcine ge-
nome.   
 



Genetic diversity statistics. Variation and diversi-
ty within populations was estimated using the proportion of 
polymorphic SNPs and SNP heterozygosity. Deviation 
from Hardy-Weinberg equilibrium (HWE) was assessed 
using a chi-square test (alpha = 0.05 / number of SNPs). 
Variations among populations were estimated based on 1) 
changes in SNP heterozygosity between NIL vs. CTRL and 
2) allelic frequency differences between populations. The 
ratio of heterozygosity between NIL and CTRL, calculated 
in sliding windows of ten consecutive SNPs, was used to 
measure relative reduction in heterozygosity across the ge-
nome. Variation in allelic frequencies between populations 
was estimated using a chi-square contingency test compar-
ing CTRL and DxH to NIL (alpha = 0.0001 / number of 
SNPs). Unmapped SNPs and windows with three SNPs or 
less were excluded from these analyses. Clustering among 
individuals was assessed by multidimensional scaling 
(MDS) based on pairwise identity by state of 21,524 auto-
somal SNPs pruned for minor allele frequency of 0.01, 
genotyping rate of 0.95, and linkage disequilibrium of r2 > 
0.2. 

 
Genome-wide association analyses. The propor-

tion of phenotypic variance for four litter size traits, NBA 
parity one (p1) and parity two (p2) and TNB-p1 and –p2, 
explained by each window was estimated from high-density 
SNP genotypes from the UNL resource population using a 
Bayes B analysis implemented via the GENSEL software 
package. The analyses were performed using 41,000 itera-
tions, a burnin of 1,000 iterations, a π value of 0.99, and 
with line, rep, and diet as fixed effects. Heritability was 
estimated using the sire model, including batch and diet as 
fixed effects and sire and litter as random effects.  

 
Results and Discussion 

 
Genetic diversity.  DxH had the highest propor-

tion of polymorphic SNPs (83.3%), followed by CTRL 
(76.2%). As expected, NIL had the lowest proportion of 
polymorphic SNPs (73.4%), likely due to genetic drift or 
selection increasing the frequency of favorable alleles 
above what would be expected under a neutral model (Ta-
ble 1). Observed and expected heterozygosities were similar 
in all three populations. MDS plots show distinct clustering 
of the three populations, illustrating the results of selective 
pressure in NIL and breed differences between the Land-
race by Large White composite and Duroc by Hampshire 
line (Figure 1). NIL had the most SNPs that deviated signif-
icantly from HWE (n = 47), and CTRL had the least (n = 
33) with DxH intermediate (n = 42). While most of the sig-
nificant SNPs were not located near each other, one region 
on SSC16 (76-77 Mb) contained six SNPs that were not in 
HWE in NIL, yet were in HWE in the other populations. 
This region contains GLRA1 (SSC16, 77.3 Mb), known for 
involvement in fertilization.  

 

 
Figure 1. Multidimensional scaling of dimensions 1 vs. 2 
(top) and dimensions 1 vs. 3 (bottom) for 21,524 SNPs 
 

 
Table 1. Proportion of polymorphic SNPs and average 
proportion of observed and expected heterozygosity per 
population. 

 
Population 

Polymorphic 
SNPs, % 

Observed 
Het., % 

Expected 
Het., % 

NIL 73.4 26.4 25.1 
CTRL 76.2 27.5 26.3 
DxH 83.3 30.0 28.2 

 
 
Table 2. Posterior means of variance components of lit-
ter size traits based on 56,424 SNP effects estimated by 
GWAS.  

 
 

Trait* 

 
 

n 

 
 

Genetic 
variance 

 
 

Residual 
variance 

 
 

Total 
variance 

Phenotypic 
variance 

explained 
by SNPs, % 

NBA 
p1 

903 0.02 0.09 0.11 18 

NBA 
p2 

903 0.02 0.12 0.14 17 

TNB 
p1 

903 0.02 0.09 0.11 18 

TNB 
p2 

903 0.02 0.09 0.11 18 

*NBA p1, number born alive at parity 1; NBA p2, number born alive at 
parity 2; TNB p1, total number born at parity 1; TNB p2, total number 
born at parity 2. 
 

 



Genome-wide association analyses. Litter size 
traits are characterized by small heritabilities and complex 
determinism. In the UNL resource population, heritability 
was 0.16 for NBA-p1 and 0.01 for NBA-p2. For TNB, her-
itability was estimated at 0.12 and 0.08 for –p1 and –p2, 
respectively. Combined SNP effects explained 18% of the 
phenotypic variation for TNB-p1 and -p2 and NBA-p1 and 
17% of the phenotypic variation for NBA-p2. The major 1 
Mb windows that explained the largest proportion of varia-
tion across litter size traits were located on SSC14 (50-51, 
75-76, 78-79 Mb). These windows ranked within the top 
five for proportion of variation explained in all four traits. 
For example, the window located at SSC14 (78-79 Mb) was 
ranked first for NBA-p1 and -p2 and TNB-p1 and second 
for TNB-p2. Potential candidate genes located in these 
windows include LIF (SSC14, 50.2 Mb), which is involved 
in placenta development, embryo implantation, and other 
maternal processes involved in pregnancy, NF2 (SSC14, 
50.5 Mb), known to play a role in embryonic morphogene-
sis, and LIMK2 (SSC14, 51.1 Mb), which has effects in 
gamete generation. 
   

Significant shifts in genetic structure between 
populations. Shifts in genetic structure across SNPs and 1 
Mb windows were detected by reduced SNP heterozygosity 
and changes in allelic frequencies between NIL and the 
other populations. Using high-density SNP genotypes 
mapped across the genome, heterozygosity levels in win-
dows of ten consecutive SNPs were compared between NIL 
and CTRL. Eight chromosomal regions displayed ten SNP 
windows with a greater than four-fold reduction in hetero-
zygosity in NIL compared to CTRL. The largest regions 
were located on SSC1 (95.9-97.0, 129.1-130.4 Mb) and 
SSC8 (59.0-60.9 Mb). Candidate genes in this region in-
clude IGFBP7 (SSC8, 59.0 Mb), known to play a role in 
embryo implantation and other processes related to preg-
nancy.  

 
Table 3. Major 1 Mb regions explaining phenotypic var-
iation of litter size traits.  
 NBA p1* NBA p2* TNB p1* TNB p2* 

 
 
Rank§ 

Position  
Proportion£ 

p>0¶ 

Position 
Proportion£ 
p>0¶ 

Position 
Proportion£ 
p>0¶ 

Position 
Proportion£ 
p>0¶ 

1 SSC14,  
78-79 Mb 
0.30 
0.17 

SSC14, 
 78-79 Mb 
0.24 
0.19 

SSC14, 
78-79 Mb 
0.03 
0.17 

SSC14, 
75-76 Mb 
0.34 
0.20 

2 SSC14, 
75-76 Mb 
0.28 
0.20 

SSC14, 
48-49 Mb 
0.22 
0.19 

SSC14, 
50-51 Mb 
0.28 
0.18 

SSC14, 
78-79 Mb 
0.32 
0.17 

3 SSC14, 
50-51 Mb 
0.26 
0.18 

SSC2, 
157-158 Mb 
0.22 
0.22 

SSC14, 
68-69 Mb 
0.26 
0.16 

SSC14 
50-51 Mb 
0.26 
0.18 

*NBA p1, number born alive at parity 1; NBA p2, number born alive at 
parity 2; TNB p1, total number born at parity 1; TNB p2, total number 
born at parity 2. 
§Window rank by proportion of variance explained. 
£Proportion of variance explained by the window. 
¶Probability that window effects are greater than zero. 

Significantly different allelic frequencies between 
populations were present in 20.5% and 45.2% of SNPs in 
comparisons of NIL vs. CTRL and NIL vs. DxH, respec-
tively (p < 2.0*10-9). Some of the 1 Mb windows that were 
rich in SNPs with significantly different frequencies be-
tween populations overlapped with QTLs for litter size de-
tected in the UNL resource population. A region on SSC2 
(157-158 Mb) ranked within the top eight in the GWAS for 
all traits and displayed significant differences in allelic fre-
quencies between NIL and DxH. Potential candidate genes 
in this region include PDGRFB (SSC2, 157.9 Mb), known 
to affect in utero embryonic development, HTR4 (SSC2, 
156.4 Mb), known to play a role in gamete generation and 
reproductive development processes, and PPARGC1B 
(SSC2 157.7 Mb), which is involved in estrogen receptor 
binding. Another region on SSC2 (141-142 Mb) exhibited a 
significant difference in allelic frequencies between NIL 
and DxH and ranked 21st in the GWAS for TNB-p1. Poten-
tial candidate genes in this region include KIF3A (SSC2, 
140.4 Mb), which is known to affect in utero embryonic 
development, GDF9 (SSC2, 140.6 Mb), which regulates 
progesterone secretion, and TCF7 (SSC2, 142.0 Mb), 
known to play a role in embryonic digestive tract morpho-
genesis. Regions on SSC9 (28-29 Mb) and SSC14 (104-105 
Mb) displayed significant differences in allelic frequencies 
between NIL and DxH and ranked 21st in NBA-p1 and 7th 
in NBA-p2 GWAS and 13th in TNB-p1 and 25th in TNB-p2 
GWAS, respectively. A region on SSC7 (56-57 Mb) 
showed a significant change in allelic frequencies between 
both NIL and CTRL and NIL and DxH. However, GWAS 
did not identify this region as one that explains a high pro-
portion of phenotypic variance for any of the litter size 
traits analyzed. 
 

Conclusion 
 
Genetic structure changes between NIL compared 

to populations in which selection for litter size was not 
practiced were detected via reductions in heterozygosity in 
NIL and changes in allelic frequencies between populations 
across the swine genome. GWAS uncovered common QTL 
regions that explained phenotypic variation across litter size 
traits. Several regions displaying significant shifts in allelic 
frequencies were identified that overlap with significant 
QTL. Candidate genes located in these regions that perform 
major reproductive functions were identified. It is likely 
that these differences in allelic frequency may be due to 
selection for litter size in NIL. 
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