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Abstract 60 

Background: The genetic improvement of disease resistance in pig has been well-61 

received. Identification of a quantitative trait locus (QTL) related to a chronic respiratory 62 

disease such as Mycoplasmal pneumonia of swine (MPS) and immune-related traits is 63 

important for understanding the genomic background of disease resistance and to apply 64 

marker-assisted selection. The objective of this study was to understand the influence of 65 

genomic factors on respiratory disease and immune-related traits in MPS-selected pigs. 66 

Results: A total of 874 Landrace purebred pigs, which were selected based on MPS 67 

resistance, were genotyped using the Illumina PorcineSNP60 BeadChip, and were then 68 

used for genomic analyses. First, we performed genome-wide association studies 69 

(GWAS) to detect a novel QTL for a total of 22 performance, respiratory disease, and 70 

immune-related traits using additive and nonadditive genetic effects. Second, we 71 

evaluated the changes in allele frequency due to selection for MPS resistance and 72 

compared the putative selected regions with the detected QTL. GWAS detected a total of 73 

11 genome-wide significant single nucleotide polymorphisms (SNPs) with an additive 74 

effect in five traits and a total of three significant SNPs with a nonadditive effect in three 75 

traits. Most of these detected QTL regions were novel regions with some candidate genes 76 

located in them. With regard to a pleiotropic region among traits, only five of these 77 

detected QTL regions overlapped among traits. Changes in allele frequencies at the many 78 

putative selected regions were spread across the whole genome and overlapped with the 79 

detected QTL. Some of these selected regions were the ones that contained the detected 80 

QTL for MPS score and other traits. 81 

Conclusion: These results suggest that a closed-line breeding population is a useful target 82 

population to refine and confirm QTL regions by integrating the results of GWAS and 83 
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allele frequency changes. The study provides new insights into the genomic factors that 84 

affect respiratory disease and immune-related traits in pigs. 85 

 86 

Keywords: additive and nonadditive effects, immune capacity, Landrace pigs, peripheral 87 

blood cytokines, respiratory disease 88 

 89 

  90 
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Background 91 

Mycoplasma hyopneumoniae (Mhp) is considered to play a primary role in porcine 92 

respiratory disease complex and Mycoplasmal pneumonia of swine (MPS) is a chronic 93 

respiratory disease caused by Mhp [1]. Chronic respiratory diseases caused by Mhp are 94 

associated with serious economic losses in the pig industry as they may result in decreased 95 

growth performance and feed efficiency and, sometimes, increased mortality rates [2]. 96 

Therefore, it is important to prevent Mhp infection and maintain animal health in the pig 97 

industry. Strategies for the control of MPS include improving housing conditions and 98 

providing antimicrobial medication and vaccination [2]. However, the complicated 99 

mechanisms of Mhp infection and its co-infection with other respiratory pathogens make 100 

it difficult to maintain high performance by controlling the spread of MPS in the pig 101 

industry. 102 

Recently, the genetic improvement of disease resistance - genetic selection for 103 

resistance to disease by selection of a disease-resistance indicator such as infection rate 104 

or immune response - has been well-received. For example, Kadowaki et al. [3] reported 105 

a selection-based closed-line breeding experiment carried out in Landrace purebred pigs 106 

over five generations to improve MPS resistance using the aggregate breeding value of 107 

their production traits and the MPS lesion score (MPS score). The MPS-selected Landrace 108 

line showed significantly lower MPS score than that of a non-selected Landrace line [4], 109 

which confirmed the effectiveness of genetic selection based on infection rate such as the 110 

MPS score. In addition, Okamura et al. [5] and Sato et al. [6] also evaluated the correlated 111 

responses of immune capacity traits and peripheral blood cytokines in MPS-selected pigs, 112 

and observed the indirect selection of these immune-related traits due to the genetic 113 

decrease in the MPS score. These authors suggested that, not only the infection rate, but 114 



Running Head 

7 

 

also immune-related traits can be useful indicators for genetic improvement of disease 115 

resistance in pigs. 116 

Identification of quantitative trait loci (QTL) related to respiratory disease and 117 

immune-related traits is important for understanding the genomic background of disease 118 

resistance and to apply marker-assisted selection as a selection indicator. A close-line 119 

breeding population is useful as a target population for detecting significant QTL because 120 

changes in allele frequencies associated with selection traits can occur in this population 121 

[7,8,9]. Okamura et al. [10] reported several significant QTL for respiratory disease and 122 

immune-capacity traits via linkage-based analysis using microsatellite markers in MPS-123 

selected pigs. 124 

A high-density single nucleotide polymorphism (SNP) array has recently made 125 

it possible to evaluate genetic diversity for specific regions of the genome and to 126 

effectively detect significant QTL using genome-wide association studies (GWAS). 127 

Genome-wide analysis using high-density SNP arrays helps to detect observed changes 128 

in allele frequency that are attributed to selection on the genome in a closed-line breeding 129 

population. Sato et al. [9] reported that, in a simulation analysis in a close-line breeding 130 

population, the power of SNP-based GWAS was greater than that of haplotype-based 131 

GWAS - a linkage-based method wherein haplotypes are constructed based on pedigree 132 

and linkage disequilibrium (LD) information. Therefore, a novel significant QTL for 133 

respiratory disease and immune-related traits could be detected by SNP-based GWAS in 134 

such populations. In addition, it is normally assumed in GWAS that each QTL has an 135 

additive effect. However, GWAS that account for nonadditive effects are also important 136 

in a trait related to disease resistance as resistance to disease is a fitness trait [11,12]. 137 

The objective of this study was to understand the influence of genomic factors on 138 
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respiratory disease and immune-related traits in MPS-selected pigs by (a) performing 139 

GWAS to detect a novel QTL for respiratory disease and immune-related traits by using 140 

models that accounted for additive and nonadditive effects and (b) evaluating the changes 141 

in allele frequencies due to selection for resistance to MPS and compared the putative 142 

selected regions with the detected QTL. 143 

 144 

 145 

Materials and Methods 146 

Experimental animals and phenotyping 147 

A complete description of the experimental population was previously reported by 148 

Kadowaki et al. [3], Okamura et al. [5,10], and Sato et al. [6]. In brief, a total of 874 149 

Landrace purebred pigs, selected over five generations from 2002 to 2008 at the Miyagi 150 

Prefecture Livestock Experimental Station, Japan, were used for SNP genotyping. Table 151 

1 shows the number of animals per generation. This population was selected based on an 152 

average daily gain (DG105) from 30 to 105 kg of body weight (BW), ultrasound backfat 153 

thickness at 105 kg BW (BF), MPS score, and plasma concentrations of cortisol at 105 154 

kg BW (CORT_105). The pigs were infected with respiratory diseases under natural 155 

conditions. The detailed selection method and procedure for measuring traits has been 156 

described by Kadowaki et al. [3]. 157 

A total of 22 traits were used in this study and are listed in Table 2. The details 158 

of the measurement methods are described by Kadowaki et al. [3], Okamura et al. [5,10], 159 

and Sato et al. [6]. In brief, average daily gain from birth to 105 kg BW (TDG) and from 160 

birth to 30 kg BW (DG30), DG105, and BF were measured for production traits. For 161 

respiratory disease traits, the atrophic rhinitis score (AR score) based on a scale of 0 to 4 162 
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[10] and the MPS score based on a scale of 0 to 100 % [13] were measured in sib-tested 163 

pigs slaughtered at 105 kg BW. For immune-related traits, whole blood was collected 164 

from the cranial vena cava of the pigs under anesthesia at 7 weeks of age and 105 kg BW. 165 

Phagocytic activity at 105 kg BW (PA_105) and at 7 weeks (PA_7w) was determined in 166 

heparinized blood using chemiluminescence analysis. The total number of white blood 167 

cells at 105 kg BW (WBC_105) and 7 weeks off age (WBC_7w) was measured in 168 

ethylenediaminetetraacetic acid (EDTA)-treated whole blood. The ratio of granular 169 

leucocytes to lymphatic cells at 105 kg BW (RGL_105) and at 7 weeks of age (RGL_7w) 170 

in heparinized blood was measured. The complement alternative pathway activity in 171 

serum at 105 kg BW (CAPA_105) and at 7 weeks of age (CAPA_7w) was measured as 172 

the change in light-scattering properties of rabbit erythrocytes upon lysis. CORT_105 and 173 

plasma concentration of cortisol at 7 weeks of age (CORT_7w) were also measured. 174 

Antibody production at 105 kg BW (AP) was determined by measuring the titer of IgG 175 

antibodies against sheep red blood cells (SRBC) after two inoculations with SRBC at 70 176 

kg BW and at 100 kg BW. Cytokine concentrations of interleukin (IL)-10, IL-13, IL-17, 177 

tumor necrosis factor (TNF)-α, and interferon (IFN)-γ in the peripheral blood serum were 178 

measured in sib-tested pigs slaughtered at 105 kg BW. 179 

As the distributions of the phenotypic values were highly skewed [6,10] for 180 

detecting the MPS score and immune-related traits, these phenotypic values were 181 

transformed to the natural logarithmic scale using the formula loge(x)  for immune-182 

related traits and the formula loge ( x+0.5100−𝑥+0.5)  [14] for the MPS score, where x is a 183 

phenotypic value. Phenotypic values within a mean ± 3 standard deviation (SD) were 184 

used in this study and the descriptive statistics of these traits are shown in Table 2. 185 

 186 
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SNP genotyping 187 

Genomic DNA was extracted from ear tissue, as previously described by Okamura et al. 188 

[10]. Sample DNA was quantified and genotyped using the Illumina PorcineSNP60 189 

BeadChip (v1 and v2; Illumina, San Diego, CA, USA) according to the manufacturer’s 190 

protocol. Image data were analyzed with the iScan (Illumina, San Diego, CA, USA) 191 

system and the genotype data were then called using the genotyping module contained in 192 

the GenomeStudio software (Illumina, San Diego, CA, USA). All SNP positions were 193 

updated according to the SNPchiMp v.3 database [15] and the Sscrofa 11.1 reference 194 

sequence assembly downloaded from Ensembl (release 97) 195 

(http://ftp.ensembl.org/pub/release-97/variation/vcf/sus_scrofa/). SNP quality control 196 

was assessed using the PLINK 1.9 software [16]. The exclusion criteria for SNPs were 197 

minor allele frequency (MAF) < 0.05, call rate < 0.95, and Hardy-Weinberg equilibrium 198 

test with p-value < 0.001. The exclusion criterion for pigs was a call rate < 0.95. After 199 

quality control, a total of 874 pigs genotyped at 37,299 SNPs on autosomal chromosomes 200 

were available for genomic analysis. 201 

 202 

LD information 203 

The LD coefficient (r2) values, which are a measure of LD, were calculated for all pairs 204 

of SNPs that were less than 10 Mbp apart using the PLINK 1.9 software [16]. Average r2 205 

values for a given intermarker distance, with marker distances grouped in 2 kbp bins, 206 

were estimated for each autosome and the average r2 values among chromosomes were 207 

then calculated. 208 

 209 

GWAS account for additive and nonadditive effects 210 

about:blank
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We performed a GWAS to detect significant SNPs that accounted for the additive and 211 

nonadditive effects. As for the SNP genotypes in association analysis, the additive and 212 

nonadditive effects were assumed and tested in this study. The basic concept of SNP 213 

genotype for additive and nonadditive effects was shown by Tsepilov et al. [17] and 214 

Nicolini et al. [18]. In brief, for a single SNP locus with two alleles (A and B), the three 215 

possible genotypes, AA, AB, and BB, can be coded as 0, 1, and 2 for the additive effect; 216 

0, 1, and 1 for the dominance effect; 0, 0, and 1 for the recessive effect; and 0, 1, and 0 217 

for the overdominance effect, respectively. 218 

The adjusted phenotypes were first obtained using the single-trait animal model 219 

as follows: 220 𝐲 = 𝐗𝐛 + 𝐙𝐮 + 𝐖𝐜 + 𝐞,      (1) 221 

where y is a vector of the observations; X, Z, and W are the known design matrices 222 

relating observations to fixed and random effects. b is a vector of fixed effects due to sex 223 

(three classes: boar, barrow, and gilt), the generation (five classes), and the rearing 224 

environment (three classes, only included in the traits at 105 kg BW). u is a vector of 225 

breeding values (𝐮~𝑁(𝟎, 𝐀σu2)), where A and σu2 are the additive relationship matrix 226 

and the additive genetic variance, respectively. c is a vector of common litter 227 

environmental effects (only included in the traits of 7-week-old-pigs and DG30) of dam 228 

( 𝐜~𝑁(𝟎, 𝐈σc2) ), where I and σc2  are the identity matrix and the common litter 229 

environmental variance, respectively. e is a vector of residual effects (𝐞~𝑁(𝟎, 𝐈σe2) ), 230 

where σe2 is the residual variance. A total of 1395 pigs, six generations from the base 231 

generation (G0) to the fifth generation (G5), were used as the pedigree information. The 232 

ASReml 4.1 software [19] was used to estimate the genetic variance, phenotypic variance, 233 

and heritability, and the estimated values are shown in Table 2. The random effects were 234 
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also predicted and the adjusted phenotypes (yadj) were then derived by 235 𝐲adj = �̂� + �̂�, 236 

where �̂� and �̂� are the predicted values of the breeding value and the residual value 237 

obtained in model (1), respectively. 238 

The adjusted phenotypes were used as the dependent traits in a linear mixed model 239 

approach for each SNP: 240 𝐲adj = βi𝐰i + 𝐚 + 𝛆,      (2) 241 

where βi is the allele substitution effect at the i-th SNP and wi is a vector of SNP genotypes 242 

at the i-th SNP, and the SNP genotypes for additive and nonadditive effects (dominance, 243 

recessive, and overdominance effects) were assumed in the elements of wi. a is a vector 244 

of additive genetic effects (𝐚~𝑁(𝟎, 𝐆σa2)), where G and σa2 are the genomic relationship 245 

matrix proposed by VanRaden [20] and the SNP genetic variance, respectively. 𝛆 is a 246 

vector of residual effects ( 𝛆~𝑁(𝟎, 𝐈σε2) ), where σε2  is the residual variance. The 247 

regression coefficient and p values tested by the Wald test were obtained using the 248 

genome-wide mixed-model association (GEMMA) software [21]. 249 

For the results of GWAS with an additive effect, the proportion of phenotypic 250 

variance explained by the i-th SNP effects was calculated using the formula [12]: 251 

Proportioni = 2pi(1 − pi)β̂i2σ̂p2 , 252 

where pi is the MAF of the i-th SNP, β̂i the estimated allele substitution effect of the i-253 

th SNP obtained in model (2), and σ̂p2  the estimated phenotypic variance obtained in 254 

model (1) (Table 2). 255 

 256 

Multi-GWAS 257 
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To detect the results of GWAS with an additive effect, a multiple trait meta-analysis was 258 

also performed using the approximate multi-trait test statistic described by Bolormaa et 259 

al. [22] in R software (http://www.r-project.org) as follows: 260 χdf=222 = 𝐭i′𝐕−1𝐭i, 261 

where ti is a vector of signed t-value at the i-th SNP for the 22 traits, and the element of 262 

ti is βij/𝑠𝑒(βij) (βij is the allele substitution effect at the i-th SNP for the j-th trait and 263 𝑠𝑒(βij)  is the corresponding standard error), and 𝐕−1  is the inverse of the 22 × 22 264 

correlation matrix between traits calculated from these signed t-values. These allele 265 

substitution effects and their standard errors were obtained from the results of 22 single-266 

trait GWAS with an additive effect. 267 

 268 

Changes in allele frequency 269 

Changes in allele frequency from the first generation (G1) to G5 in each SNP were 270 

calculated as 271 ∆𝑝 = |𝑝𝐺5 − 𝑝𝐺1|, 272 

where 𝑝𝐺5 and 𝑝𝐺1 are the allele frequencies in G5 and G1, respectively. To identify 273 

the region on the genome attributed to selection in MPS-selected pigs, the observed ∆𝑝 274 

were compared to the expected ∆𝑝  under random genetic drift obtained by gene 275 

dropping in the R software (http://www.r-project.org) [23,24]. A single SNP genotype was 276 

randomly assigned to the pigs in G1 and subsequently the alleles were dropped to the pigs 277 

in G5 through the pedigree based on Mendelian sampling. A total of 885 pigs, 874 278 

genotyped and 11 non-genotyped, comprising a family from G1 to G5, were used as 279 

pedigree information. The expected 𝑝𝐺1 was set an increment of 0.01 in the range of 280 

0.01-0.50 (50 MAF-classes), and 𝑝𝐺5 and ∆𝑝 frequencies per MAF-class in G1 were 281 

about:blank
about:blank
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obtained. By replicating this process 100,000 times the distribution of the expected ∆𝑝 282 

distribution per MAF-class was calculated. The observed 𝑝𝐺1 in each SNP was classified 283 

into the 50 MAF classes, and the observed ∆𝑝 above the 99.9 % and 99.99 % threshold 284 

of the expected ∆𝑝  distribution was regarded as the suggestive and significant allele 285 

frequency change due to selection, respectively. 286 

 287 

Gene annotation of target SNPs 288 

For the results of GWAS, Bonferroni correction was applied to determine the 5 % 289 

genome-wide significance thresholds (p-value = 1.34 × 10-6). The extent of LD in this 290 

population was approximately 400 kbp (see Results), and the genome-wide significance 291 

thresholds defined by the Bonferroni correction were too conservative. Therefore, the 292 

genome-wide suggestive threshold was also defined as p-value = 5.0 × 10-5. The 293 

positional candidate genes within the range of the significant and suggestive SNPs ± 200 294 

kbp region were annotated using the Ensembl database (release 97) 295 

(http://ftp.ensembl.org/pub/release-97/gff3/sus_scrofa/). In addition, SNPs with 296 

suggestive and significant allele frequency changes were also annotated with SNPs ± 200 297 

kbp. 298 

 299 

 300 

Results 301 

LD in Landrace pigs 302 

Average r2 values plotted against intermarker distance are shown in Figure 1. The results 303 

showed that moderate LD (r2 = 0.20) extended to about 400 kbp in this population. 304 

 305 

about:blank
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GWAS for additive QTL 306 

We performed GWAS for a total of 22 performance, respiratory disease, and immune-307 

related traits in MPS-selected pigs by accounting for their additive and nonadditive effects. 308 

The values of an inflation factor were less than 1.1 in all results, and thus the results 309 

successfully accounted for population stratification. 310 

Genome-wide plots of p values with genome-wide significant SNPs for additive 311 

QTL in MPS-selected pigs are shown in Figure 2, and the details of the genome-wide 312 

significant and suggestive SNPs for the traits are shown in Table 3 and Addition file 1: 313 

Table S1, respectively. A total of 11 genome-wide significant SNPs were detected in 5 314 

traits and 108 genome-wide suggestive SNPs were detected in 18 traits. For production 315 

traits, a genome-wide significant SNP (rs80975749) for BF was detected on SSC1. No 316 

significant SNPs were detected in this study for respiratory disease traits. For immune-317 

related traits, one genome-wide significant SNP was detected on SSC7 for RGL_105 318 

(rs80902125) and on SSC10 for CORT_7w (rs81236875), three SNPs for CAPA_105 319 

(rs81229756, rs81312964, and rs81379304) were detected within a 60 kbp region of 320 

SSC3, and four SNPs for CORT_105 (rs80996428, rs80918930, rs80966458, and 321 

rs80953170) were detected within a 57 kbp region of SSC7. 322 

A multi-trait meta-analysis was performed for the 22 traits using the results of 323 

GWAS with an additive model to evaluate the presence of a pleiotropic QTL for these 324 

traits. The multi-trait meta-analysis detected no genome-wide significant region and five 325 

genome-wide suggestive regions were detected on SSC2, 3, 7, and 10 (Addition file 1: 326 

Table S1). Only two of the five regions, those on SSC2 (for WBC_105 and WBC_7w) 327 

and SSC7 (for MPS score and CORT_105), overlapped with the regions obtained from 328 

multiple traits. 329 
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 330 

GWAS for nonadditive QTL 331 

To evaluate the relevance of nonadditive effects on the traits, we performed GWAS for 332 

testing dominance, recessive, and overdominance effects on these traits. Genome-wide 333 

significant SNPs with a non-significant additive effect were extracted under the condition 334 

that the number of pigs per genotype was more than 50 in each SNP. A total of three 335 

significant SNPs were detected in three traits as shown in Figure 3 and Table 4. The 336 

rs80819903 SNP on SSC15 had a genome-wide significant recessive effect on TDG. The 337 

rs80992257 SNP on SSC2 and the rs341122035 SNP on SSC14 had a genome-wide 338 

significant dominance effect on WBC_105 and TNF-α, respectively. The distributions of 339 

an adjusted phenotype for each significant SNP genotype are shown in Figure 4. These 340 

box plots clearly show that the AG and GG genotypes in WCG_105 and the AC and CC 341 

genotypes in TNF-α have a lower phenotype than the AA genotype in the dominance 342 

effect, and AG and AA genotypes have a lower phenotype than the GG genotype in the 343 

recessive effect. 344 

 345 

Changes in allele frequencies 346 

The observed ∆𝑝 values were compared with the expected ∆𝑝 values obtained by gene 347 

dropping, and the relationship between the observed ∆𝑝 and the 99.9 % threshold and 348 

the 99.99 % threshold of the expected ∆𝑝 distribution per MAF-class in G1 is shown in 349 

Figure 5. A total of 96 and 14 SNPs had higher ∆𝑝 than the 99.9 % threshold and the 350 

99.99 % threshold, respectively. The SNPs above the 99.9 % threshold and the 99.99 % 351 

threshold across the genome are shown in Figure 6 and Addition file 2: Table S2, and 352 

these SNPs were spread across the whole genome. 353 
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 354 

Overlapping regions across studies 355 

We summarized the regions associated with traits for additive and nonadditive effects and 356 

the putative regions attributed to selection across the genome in Figure 7. With regard to 357 

the pleiotropic region among traits, only five of these genome-wide significant and 358 

suggestive regions overlapped among traits (the region on SSC2 for WBC_105 and 359 

WBC_7w; the region on SSC7 for MPS score and CORT_105; the region on SSC9 for 360 

DG30, MPS score, and CORT_105; the region on SSC12 for IL13, IL17, and IFN-γ; and 361 

the region on SSC14 for TDG and TNF-α) in the results of additive QTL. For the 362 

nonadditive effect, the significant QTL for WBC_105 and TNF-α also had an additive 363 

effect with suggestive level, and overlapped with the QTL for other traits (WBC_7w and 364 

TDG, respectively). 365 

In the putative selected regions, many regions, which were on SSC2, 3, 4, 5, 6, 366 

7, 9, 12, 13, 14, 17, and 18 overlapped with the detected QTL for the production, 367 

respiratory disease, and immune-related traits. In addition, three of those selected regions 368 

on SSC2, SSC7, and SSC18 were the same regions with the suggestive QTL for MPS 369 

score. 370 

 371 

 372 

Discussion 373 

It is important to understand the genomic background of the relationship among 374 

production, respiratory disease, and immune-related traits by detecting the QTL for these 375 

traits to increase animal productivity through genetic selection for disease resistance. 376 

Several GWAS studies have reported significant QTL for immune-related traits such as 377 
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hematological [25,26,27], T lymphocyte subpopulations [28,29], and cytokine levels 378 

[30,31] in different purebred and crossbred pigs. However, there are few genomic regions 379 

that overlap among reports, and this strongly depends on the genetic background of the 380 

studies. Only a few studies have reported GWAS in respiratory disease [32], and the 381 

details of the genomic relationship among these traits have not yet been reported. 382 

Therefore, we performed GWAS for a total of 22 performance, respiratory disease, and 383 

immune-related traits in MPS-selected pigs. In addition, the combination of results 384 

derived from several genome-wide analyses was able to refine and confirm QTL regions, 385 

and thus the changes in observed allele frequencies were compared to the expected 386 

changes under random genetic drift in the MPS-selected pigs. 387 

Additive QTL analysis detected a total of six genome-wide significant regions 388 

in five traits and some of the genome-wide suggestive regions in 18 traits. For the results 389 

of relationships among traits, only five regions were associated with multiple traits, and 390 

most of the regions did not overlap among traits. In addition, multi-GWAS was performed 391 

to evaluate the possibility of a pleiotropic QTL among these traits, and no genome-wide 392 

significant region was detected. For genetic correlation among production, respiratory 393 

disease, and immune-related traits, Clapperton et al. [33] reported that several of the 394 

peripheral blood mononuclear leukocyte subsets were negatively genetically correlated 395 

with daily gain in Large White pigs. Flori et al. [34] also reported that genetic correlations 396 

among immune-related traits were weak, except for a few traits that mostly include cell 397 

subsets in Large White pigs. In our population, there were low genetic correlations 398 

between production and respiratory disease traits [3,5], low-to-moderate genetic 399 

correlations between production and immune-related traits [5,6], and low-to-moderate 400 

genetic correlations among immune-related traits [5,6]. As a result of the detected QTL 401 
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in this study, many regions independently affected the traits. Thus, a polygenic effect 402 

could contribute to the genetic correlation among the traits when the genetic correlations 403 

between traits are moderate. 404 

Resistance to disease is thought to be a fitness trait, and favorable genes are fixed, 405 

and unfavorable genes are eliminated under natural selection [12,35]. Thus, it is possible 406 

that not only an additive effect but also a nonadditive effect could exist in a fitness trait. 407 

However, GWAS have mainly focused on genetic variants with additive effects, whereas 408 

nonadditive effects have received much less attention. In fact, Nicolini et al. [18] reported 409 

significant nonadditive QTL in male fertility, which is a fitness trait in Holstein cattle. 410 

Therefore, we evaluated the relevance of nonadditive effects on the traits. Genome-wide 411 

significant SNPs with nonadditive effects were detected for TDG, WBC_105, and TNF-412 

α in this study. Also, a non-fitness trait, such as TDG, also had a significant QTL with 413 

nonadditive effects in this population. Thus, nonadditive QTL still exist within a genetic 414 

variance and nonadditive effects may be genetically affected not only for fitness traits but 415 

also for non-fitness traits. 416 

Artificial selection changes allele frequency attributed to selection traits, and 417 

detecting selected loci is important to understand genomic mechanisms controlling 418 

phenotypes under selection. Some studies have reported that selection based on the best 419 

linear unbiased prediction (BLUP) under an infinitesimal model is able to increase allele 420 

frequencies of a few major genes associated with selection traits in cattle [24] and pigs 421 

[36,37]. The MPS-selected pigs were selected based on the aggregated breeding value of 422 

DG105, BF, MPS score, and CORT_105. Thus, significant changes in allele frequency 423 

associated with the selection traits could be observed compared to the expected changes 424 

under random genetic drift. Our study detected some suggestive and significant selective 425 
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regions on a whole genome, and some of the selected regions overlapped with the detected 426 

QTL for not only the selection traits such as MPS score but also other production, 427 

respiratory disease, and immune-related traits. The changes in allele frequency in these 428 

regions are considered to play an important role in genetic selection for resistance to MPS 429 

and increase in daily gain. These results suggest that a closed-line breeding population is 430 

a useful target population to refine and confirm QTL regions by integrating the results of 431 

GWAS and allele frequency changes. 432 

Okamura et al. [10] performed linkage-based QTL analysis to detect QTL for 433 

respiratory disease and immune-capacity traits in the same population as our study. They 434 

detected significant QTL for WBC_7w and WBC_105 in the region on SSC2, which was 435 

the same region as that detected in our study. They also detected a significant QTL for 436 

CORT_105 on SSC7 with the highest significance, on which the most significant SNPs 437 

were also detected in our study. Although some of these regions were similar to those 438 

reported by Okamura et al. [10], novel QTL were detected in several genomic regions in 439 

our study. However, a significant QTL for MPS score was not detected in our study, 440 

whereas a significant QTL for MPS score was detected in the upper region on SSC2 by 441 

Okamura et al. [10]. Linkage-based QTL analysis considers only the association between 442 

DNA markers and QTL in the larger LD region, which is defined only by within-family 443 

recombination, and GWAS consider the association in the LD region across the entire 444 

population [38]. Thus, it is considered that the frequency of a specific haplotype, which 445 

is not related to the MPS score and is the extent for longer distance, changed from G1 to 446 

G5 by selection for MPS resistance, and thus linkage analysis may show false positives. 447 

However, the suggestive change in allele frequency was observed in the upper region of 448 

SSC2 in our study, which is the same region as that described by Okamura et al. [10]. 449 
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Some of the selected regions were the same as those with the suggestive QTL for MPS 450 

score in this study, and thus the selected region on SSC2 might be associated with the 451 

MPS score. Thus, further study is needed to detect the association of the variant around 452 

the region on SSC2 with MPS score. 453 

GWAS detected a total of six significant additive QTL and three significant 454 

nonadditive QTL, as well as a positional candidate gene by genome-wide QTL mapping, 455 

which was previously only reported in the SSC7 region of CORT_105 specimens in 456 

different breeds [39,40,41]. The significant additive QTL for CORT_105 was detected on 457 

SSC7, and the corticosteroid-binding globulin (CBG, also known as SERPINA6) gene 458 

was regarded as a positional candidate gene in the QTL region. The SERPINA6 gene 459 

encodes CBG affecting cortisol-binding capacity and SNPs at the SERPINA6 locus 460 

influence plasma cortisol levels in humans [42] and pigs [39,40,41]. Our results supported 461 

the finding that the SERPINA6 gene would be a positional candidate gene for CORT_105. 462 

The other regions detected in our study were not detected by previous genome-463 

wide QTL mapping and were novel regions. No candidate gene was located on the 464 

significant additive QTL for RGL_105 and the significant dominance QTL for TNF-α. 465 

However, some candidate genes were located in the QTL regions. For production traits, 466 

the significant additive QTL for BF was detected on SSC1, and vacuolar protein sorting-467 

associated protein 4B (VPS4B) gene was the candidate gene in the QTL region. The SNPs 468 

near the VPS4B gene were associated with abdominal fat in chicken, and a significantly 469 

different expression of the VPS4B gene was reported in cohorts of chickens with the 470 

highest and lowest abdominal fat content [43]. A significant recessive QTL for TDG was 471 

detected on SSC15 and the G protein-coupled receptor 55 (GPR55) gene was the 472 

candidate gene in the QTL region. GPR55 is an atypical cannabinoid receptor and the 473 



Running Head 

22 

 

GPR55 gene is expressed in various brain regions and peripheral tissues and regulates 474 

energy expenditure by modulating physical activity [44]. The GPR55 gene has been 475 

shown to be associated with eating disorders such as anorexia nervosa in humans [45]. 476 

As for a candidate gene of immune-related traits, the significant additive QTL 477 

for CAPA_105 was detected on SSC3 and the Synaptotagmin-17 (SYT17) gene was the 478 

candidate gene in the QTL region. SYT17 is increased in the exosomal fraction of urine, 479 

and this increase is associated with activation of the IL-6 amplifier in humans [46]. 480 

Complement component 3 (C3), which plays a vital role in CAPA, is an acute-phase 481 

protein whose expression is regulated by cytokines such as IL-6 [47]. Thus, the SYT17 482 

gene could be indirectly associated with CAPA_105. The significant additive QTL for 483 

CORT_105 was detected on SSC5, and the 5'-Nucleotidase Domain Containing 3 484 

(NT5DC3) gene was the candidate gene in the QTL regions. NT5DC3 is a mitochondrion-485 

related protein, and a difference in gene expression between high- and low-stress 486 

reactivity in mouse lines was observed in the NT5DC3 gene [48]. The significant additive 487 

QTL for CORT_7w was detected on SSC10 and the GATA binding protein 3 (GATA3) 488 

gene was the candidate gene in the QTL region. GATA3 is upregulated during Th2 cell 489 

differentiation and glucocorticoids such as cortisol increase Th2 activity [49], and thus 490 

the expression of GATA3 might indirectly affect CORT_7w. A significant dominance QTL 491 

for WBC_105 was detected on SSC2, and RAS protein activator like 3 (RASAL3) gene 492 

was the candidate gene in the QTL region. RASAL3 regulates the number and functions 493 

of natural killer T cells [50]. RASAL3 is significantly upregulated in Mycoplasma 494 

pneumoniae pneumonia (MPP) children, and NK cells are involved in the pathogenesis 495 

of MPP [51]. These candidate genes could be associated with the traits, and further study 496 

is needed to understand the details of genomic mechanisms. 497 
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 498 

Conclusion 499 

In this study, we performed GWAS for a total of 22 production, respiratory disease, and 500 

immune-related traits in MPS-selected pigs by accounting for additive and nonadditive 501 

effects. We also evaluated the changes in allele frequency due to selection for resistance 502 

to MPS in the population. Our GWAS results showed a total of six significant additive 503 

QTL and three significant nonadditive QTL. The detected regions except for the region 504 

on SSC7 for CORT_105 were not detected by previous genome-wide QTL mapping, and 505 

these regions were novel regions with some candidate genes. With regard to a pleiotropic 506 

region among traits, only a few detected QTL regions overlapped among traits. However, 507 

many putative selected regions overlapped with the detected QTL for not only the 508 

selection traits such as MPS score but also other production, respiratory disease, and 509 

immune-related traits. These results suggest that a closed-line breeding population is a 510 

useful target population to refine and confirm QTL regions by integrating the results of 511 

GWAS and allele frequency changes. The study provided new insights into the genomic 512 

factors affecting respiratory disease and immune-related traits in pigs. 513 
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AR: atrophic rhinitis; BF: backfat thickness; BW: body weight; C3: complement 522 

component 3; CAPA: complement alternative pathway activity in serum; CBG: 523 

corticosteroid-binding globulin; CORT: plasma concentrations of cortisol; DG: average 524 

daily gain; EDTA: ethylenediaminetetraacetic acid; GATA3: GATA binding protein 3; 525 

GEMMA: genome-wide mixed-model association; GPR55: G protein-coupled receptor 526 

55; GWAS: genome-wide association study; IFN-γ: interferon γ; IL: interleukin; LD: 527 

linkage disequilibrium; MAF: minor allele frequency; Mhp: Mycoplasma 528 

hyopneumoniae; MPP: Mycoplasma pneumoniae pneumonia; MPS: Mycoplasmal 529 

pneumonia of swine; NT5DC3: 5'-Nucleotidase Domain Containing 3; PA: phagocytic 530 

activity; QTL: quantitative trait locus; RASAL3: RAS protein activator like 3; RGL: ratio 531 

of granular leucocytes to lymphatic cells; SSC: sus scrofa chromosome; SD: standard 532 

deviation; SNP: single nucleotide polymorphism; SRBC: sheep red blood cells; SYT17: 533 

Synaptotagmin-17; TNF-α: tumor necrosis factor α; VPS4B: vacuolar protein sorting-534 

associated protein 4B; WBC: total number of white blood cells 535 
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Table 1. Population number by generation. 762 

Generation All Sib-tested 

1 182 124 

2 188 135 

3 180 126 

4 177 119 

5 147 118 

Total 874 622 

 763 

 764 

  765 



 

 

Table 2. Descriptive statistics and estimated genetic parameter of the study subjects. 766 

1MPS and immune-related traits were transformed to the natural logarithmic scale and the descriptive statistics of the transformed values are 767 

shown. 768 

2Titer unit is equivalent to 104/dilution degrees of sample serum. 769 

  770 

Traits
1 Abbreviation Unit

2 N Mean SD Min Max Skewness Kurtosis

Production traits

Average daily gain from birth to 105kg body weight (BW) TDG g/day 857 650 71 459 857 0.13 2.74 1522 ± 266 2849 ± 179 0.53 ± 0.07

Average daily gain from birth to 30kg BW DG30 g/day 479 451 36 343 549 -0.21 2.98 235 ± 123 1118 ± 87 0.21 ± 0.10

Average daily gain from 30 to 105kg BW DG105 g/day 483 858 118 530 1180 0.09 2.69 4607 ± 1080 8649 ± 716 0.53 ± 0.09

Ultrasound backfat thickness BF mm 468 22.76 3.91 13.50 34.80 0.31 2.68 7.51 ± 1.48 11.97 ± 1.02 0.63 ± 0.08

Respiratory disease traits

Atrophic rhinitis score AR score - 618 0.93 0.81 0.00 3.00 0.40 2.39 0.18 ± 0.06 0.64 ± 0.04 0.28 ± 0.09

Lesion score of mycoplasma pneumonia of swine MPS score % 620 -1.76 0.51 -2.30 -0.31 0.33 2.02 0.076 ± 0.03 0.218 ± 0.01 0.35 ± 0.10

Immune-related traits

Phagocytic activity at 105kg BW PA_105 10
6
 RLU 848 0.52 0.33 -0.49 1.36 -0.49 3.18 0.016 ± 0.01 0.084 ± 0.00 0.19 ± 0.06

Phagocytic activity at 7-week old PA_7w 10
6
 RLU 857 0.54 0.32 -0.46 1.25 -0.48 2.88 0.018 ± 0.01 0.093 ± 0.01 0.19 ± 0.09

Complement alternative pathway activity at 105kg BW CAPA_105 OD413 846 -0.48 0.34 -1.47 0.12 -0.95 2.78 0.002 ± 0.00 0.077 ± 0.00 0.03 ± 0.03

Complement alternative pathway activity at 7-week old CAPA_7w OD413 842 -0.50 0.29 -1.44 -0.08 -1.20 4.05 0.007 ± 0.00 0.071 ± 0.00 0.09 ± 0.07

Total number of white blood cells at 105kg BW WBC_105 ×10
4
/mL 839 0.27 0.08 0.02 0.51 0.04 3.24 0.001 ± 0.00 0.006 ± 0.00 0.25 ± 0.07

Total number of white blood cells at 7-week old WBC_7w ×10
4
/mL 846 0.28 0.10 -0.03 0.59 -0.02 2.92 0.003 ± 0.00 0.011 ± 0.00 0.30 ± 0.10

Ratio of granular leucocyte to lymph cells at 105kg BW RGL_105 - 850 -0.16 0.26 -0.91 0.57 0.57 3.02 0.003 ± 0.00 0.030 ± 0.00 0.10 ± 0.05

Ratio of granular leucocyte to lymph cells at 7-week old RGL_7w - 682 -0.17 0.19 -0.68 0.37 -0.04 2.91 0.001 ± 0.00 0.035 ± 0.00 0.03 ± 0.07

Plasma concentrations of cortisol at 105kg BW CORT_105 µg/dL 764 -0.01 0.35 -1.00 0.91 -0.08 2.87 0.010 ± 0.01 0.112 ± 0.01 0.09 ± 0.05

Plasma concentrations of cortisol at 7-week old CORT_7w µg/dL 468 0.32 0.30 -0.67 0.97 -0.57 3.13 0.017 ± 0.01 0.081 ± 0.01 0.21 ± 0.11

Antibody production at 105kg BW AP Titre 840 1.68 0.39 0.64 2.67 0.27 2.56 0.041 ± 0.01 0.130 ± 0.01 0.32 ± 0.07

Serum concentration of interleukin 10 at 105kg BW IL-10 pg/mL 550 0.81 0.73 -1.17 2.98 0.07 2.94 0.107 ± 0.05 0.536 ± 0.03 0.20 ± 0.09

Serum concentration of interleukin 13 at 105kg BW IL-13 pg/mL 517 2.96 0.58 1.19 4.65 -0.21 3.02 0.027 ± 0.02 0.324 ± 0.02 0.08 ± 0.07

Serum concentration of interleukin 17 at 105kg BW IL-17 pg/mL 554 1.44 0.65 -0.63 3.25 0.04 3.22 0.112 ± 0.04 0.416 ± 0.03 0.27 ± 0.10

Serum concentration of interferon γ at 105kg BW IFN-γ pg/mL 346 1.56 0.90 -0.97 4.28 -0.25 2.64 0.00000002 ± 0.00 0.460 ± 0.04 0.00 ± 0.00

Serum concentration of tumor necrosis factor α at 105kg BW TNF-α pg/mL 258 1.89 0.44 0.72 3.10 0.03 2.87 0.047 ± 0.03 0.197 ± 0.02 0.24 ± 0.16

Phenotypic

variance
Heritability

Estimated genetic parameterDescriptive statistics

Genetic

variance
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Table 3. The genome-wide significant SNPs associated with production and immune-related traits. 771 

1Abbreviations of traits are shown in Table 2. 772 

2SSC: Sus Scrofa chromosome, EA: Effect allele, EAF: Effect allele frequency. 773 

3The proportion of adjusted phenotypic variance explained by the SNP effects. 774 

 775 

  776 

Traits
1 SSC Position(bp) refSNP varidation ID EA EAF Proportion

3 P-value

Production traits

BF 1 158,309,021 rs80975749 A 0.46 -1.43 ± 0.28 0.08 4.23E-07
SERPINB13,SERPINB12,SERPINB5,VPS4B,

KDSR

Immune-related traits

CAPA_105 3 26,434,892 rs81229756 A 0.09 -0.13 ± 0.03 0.04 6.08E-07 TMC5,TMC7,COQ7,ITPRIPL2,SYT17

CAPA_105 3 26,439,289 rs81312964 A 0.09 -0.13 ± 0.03 0.04 6.08E-07 TMC5,TMC7,COQ7,ITPRIPL2,SYT17

CAPA_105 3 27,030,167 rs81379304 A 0.09 -0.13 ± 0.03 0.04 3.92E-07 XYLT1

RGL_105 7 18,210,546 rs80902125 G 0.12 -0.06 ± 0.01 0.03 2.63E-07 -

CORT_105 5 80,808,190 rs81326027 G 0.48 0.10 ± 0.02 0.04 1.67E-07 NT5DC3

CORT_105 7 115,114,488 rs80996428 A 0.27 0.10 ± 0.02 0.04 9.14E-07 PRIMA1,ASB2,CCDC197,OTUB2

CORT_105 7 115,550,783 rs80918930 C 0.40 0.11 ± 0.02 0.06 7.35E-11
ISG12(A),PPP4R4,SERPINA6,SERPINA1,SE

RPINA11,UABP-2,SERPINA12

CORT_105 7 115,571,143 rs80966458 G 0.13 0.14 ± 0.03 0.04 2.72E-07
PPP4R4,SERPINA6,SERPINA1,SERPINA11,

UABP-2,SERPINA12

CORT_105 7 115,679,840 rs80953170 G 0.29 0.10 ± 0.02 0.04 2.74E-07
PPP4R4,SERPINA6,SERPINA1,SERPINA11,

UABP-2,SERPINA12,SERPINA4,SERPINA5

CORT_7w 10 63,410,258 rs81236875 A 0.05 0.19 ± 0.04 0.04 3.13E-07 GATA3,TAF3,ATP5F1C,KIN

SNP information
2 SNP effect

β
Gene symbol within

the SNP ±200 kbp region
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Table 4. The genome-wide significant SNPs with non-additive effect. 777 

1Abbreviations of traits are shown in Table 2. 778 

2SSC: Sus Scrofa chromosome. 779 

3MAF: Minor allele frequency 780 

4Dominance: The genotype is represented as AA(0), AB(1), and BB(1). Recessive: The genotype is represented as AA(0), AB(0), and BB(1). 781 

5P-value of additive model. 782 

 783 

 784 

  785 

Traits
1

SSC
2 Position(bp) MAF

3 A B AA AB BB Effect
4 P-value P-value(Add)

5

TDG 15 131,605,148 rs80819903 0.27 A G 444 337 60 Recessive 33.84 ± 6.81 8.05E-07 1.33E-02 CAB39,ITM2C,GPR55,SPATA3,C2orf72

WBC_105 2 62,246,385 rs80992257 0.30 A G 404 360 73 Dominance -0.03 ± 0.01 9.92E-07 2.79E-06
CYP4F22,PGLYRP2,RASAL3,AKAP8L,AKA

P8,BRD4,EPHX3,NOTCH3,ILVBL,SYDE1

TNF-α 14 17,600,242 rs341122035 0.47 A C 65 142 51 Dominance -0.32 ± 0.06 1.74E-07 2.40E-06 -

Gene symbol within

the SNP ±200 kbp region

Number of animalsAllele Non-additive effectrefSNP

 varidation ID β



 

 

Figure legends 786 

Figure 1. Average linkage disequilibrium coefficient (r2) values plotted against 787 

intermarker distance for all autosomal chromosomes in Landrace pigs. The x-axis 788 

indicates the distance between single nucleotide polymorphisms (SNPs) and the y-axis 789 

indicates the r2 values between SNPs. 790 

 791 

Figure 2. Manhattan plots representing the genome-wide significant association of 792 

additive effect with production and immune-related traits in Landrace pigs. 793 

Abbreviations of the traits for BF (a), CAPA_105 (b), RGL_105 (c), CORT_105 (d), 794 

and CORT_7w (e) are shown in Table 2. The x-axis indicates the chromosome number 795 

and the y-axis indicates –log10(p-value). 796 

 797 

Figure 3. Manhattan plots representing the genome-wide significant association of 798 

nonadditive effect with production and immune-related traits in Landrace pigs. 799 

Abbreviations of the traits for TDG (a), WBC_105 (b), and TNF-α (c) are shown in 800 

Table 2. The x-axis indicates the chromosome number and the y-axis indicates –801 

log10(p-value). The genotype of the dominance effect is represented as AA(0), AB(1), 802 

and BB(1), and the genotype of the recessive effect is represented as AA(0), AB(0), 803 

and BB(1). 804 

 805 

Figure 4. Box plot for the genome-wide significant loci with nonadditive effects. 806 

Abbreviations of the traits for TDG (a), WBC_105 (b), and TNF-α (c) are shown in 807 

Table 2. The box plots show the distribution of adjusted phenotypes among the 808 

different genotypes, and the bold line is the median of the trait’s per-genotype group. 809 
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Each dot represents a unique pig. 810 

 811 

Figure 5. Plot for the relationship between minor allele frequency (MAF) in the first 812 

generation (G1) and the absolute values of changes in allele frequency from G1 813 

to the fifth generation (∆𝒑). The observed ∆𝑝 were plotted per MAF-class in G1, 814 

and the orange and the red lines represent the 99.9 % and 99.99 % threshold of the 815 

expected ∆𝑝 distribution (100,000 replicates), respectively. 816 

 817 

Figure 6. Manhattan plots representing the suggestive and significant allele 818 

frequency changes due to selection in Landrace pigs. The x-axis indicates the 819 

chromosome number and the y-axis indicates the absolute values of changes in allele 820 

frequency from the first generation to the fifth generation (∆p). The single nucleotide 821 

polymorphisms (SNPs) in orange (n = 96) and red (n = 14) have the observed ∆𝑝 822 

above the 99.9 % threshold and the 99.99 % threshold of the expected ∆𝑝 distribution 823 

(100,000 replicates), respectively. 824 

 825 

Figure 7. The summary regions associated with traits and putative selected regions 826 

across genome. Each row represents the results of genome-wide association study 827 

(GWAS) in each trait accounted for an additive and a nonadditive effects, and the 828 

results of allele frequency changes. Each column represents a genomic region 829 

containing single nucleotide polymorphisms (SNPs) with suggestive and significant 830 

levels in each result. For the results of GWAS, and p-value = 5.0 × 10-5 and p-value = 831 

1.34 × 10-6 were regarded as genome-wide suggestive and significant associations with 832 

a trait, respectively. For putative selected region, the observed allele frequency changes 833 
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above the 99.9 threshold and the 99.99 threshold of the expected ∆𝑝  distribution 834 

(100,000 replicates) were regarded as suggestive and significant changes, respectively. 835 

Only traits with at least one associated SNP and SNPs associated with at least one trait 836 

are shown. Abbreviations of the traits are shown in Table 2. 837 

 838 

 839 

 840 

 841 

 842 



Figures

Figure 1

Average linkage disequilibrium coe�cient (r2) values plotted against intermarker distance for all
autosomal chromosomes in Landrace pigs. The x-axis indicates the distance between single nucleotide
polymorphisms (SNPs) and the y-axis indicates the r2 values between SNPs.



Figure 2

Manhattan plots representing the genome-wide signi�cant association of additive effect with production
and immune-related traits in Landrace pigs. Abbreviations of the traits for BF (a), CAPA_105 (b), RGL_105
(c), CORT_105 (d), and CORT_7w (e) are shown in Table 2. The x-axis indicates the chromosome number
and the y-axis indicates –log10(p-value).



Figure 3

Manhattan plots representing the genome-wide signi�cant association of nonadditive effect with
production and immune-related traits in Landrace pigs. Abbreviations of the traits for TDG (a), WBC_105
(b), and TNF-α (c) are shown in Table 2. The x-axis indicates the chromosome number and the y-axis
indicates –log10(p-value). The genotype of the dominance effect is represented as AA(0), AB(1), and
BB(1), and the genotype of the recessive effect is represented as AA(0), AB(0), and BB(1).



Figure 4

Box plot for the genome-wide signi�cant loci with nonadditive effects. Abbreviations of the traits for TDG
(a), WBC_105 (b), and TNF-α (c) are shown in Table 2. The box plots show the distribution of adjusted
phenotypes among the different genotypes, and the bold line is the median of the trait’s per-genotype
group. Each dot represents a unique pig.



Figure 5

Plot for the relationship between minor allele frequency (MAF) in the �rst generation (G1) and the
absolute values of changes in allele frequency from G1 to the �fth generation (∆p). The observed ∆p were
plotted per MAF-class in G1, and the orange and the red lines represent the 99.9 % and 99.99 % threshold
of the expected ∆p distribution (100,000 replicates), respectively.

Figure 6

Manhattan plots representing the suggestive and signi�cant allele frequency changes due to selection in
Landrace pigs. The x-axis indicates the chromosome number and the y-axis indicates the absolute values
of changes in allele frequency from the �rst generation to the �fth generation (∆p). The single nucleotide
polymorphisms (SNPs) in orange (n = 96) and red (n = 14) have the observed ∆p above the 99.9 %
threshold and the 99.99 % threshold of the expected ∆p distribution (100,000 replicates), respectively.

Figure 7



The summary regions associated with traits and putative selected regions across genome. Each row
represents the results of genome-wide association study (GWAS) in each trait accounted for an additive
and a nonadditive effects, and the results of allele frequency changes. Each column represents a
genomic region containing single nucleotide polymorphisms (SNPs) with suggestive and signi�cant
levels in each result. For the results of GWAS, and p-value = 5.0 × 10-5 and p-value = 1.34 × 10-6 were
regarded as genome-wide suggestive and signi�cant associations with a trait, respectively. For putative
selected region, the observed allele frequency changes above the 99.9 threshold and the 99.99 threshold
of the expected ∆p distribution (100,000 replicates) were regarded as suggestive and signi�cant changes,
respectively. Only traits with at least one associated SNP and SNPs associated with at least one trait are
shown. Abbreviations of the traits are shown in Table 2.
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